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I.  Technical  Diacnaaion 

The  work  performed  by  Science  Applications  International  Corporation 
(SAIC)  on  this  contract.  "Fluid  Dynamics  Lagr2ingian  Simulation  Model." 
Contract  Number  N00014-89-C-2106.  SAIC  Project  Number  01-0157-03-0768. 
focused  on  a  number  of  research  topics  in  fluid  d3ni2unics.  The  work  was  in 
support  of  the  programs  of  NRL's  Laboratory  for  Computational  Physics  and 
Fluid  Dynamics  and  covered  the  period  from  10  September  1989  to  9 
December  1993.  In  the  following  sections  we  describe  each  of  the  efforts  and 
the  results  obtained.  Much  of  the  research  work  has  resulted  in  journal 
publications.  These  are  included  in  Appendices  of  this  report  for  which  the 
reader  is  referred  for  complete  details. 

n.  Simulation  of  Inviscid/Viscous  Plows  Over  Complex  Geometries 

The  use  of  unstructured  grids  for  the  simulation  of  high-speed  flows  has 
been  extensively  reported  in  the  literature  (see  references  cited  in  ^pendices  A 
and  B).  In  the  present  research  effort.  SAIC  extended  this  technology  to  nearly 
incompressible  flows,  and  applied  the  procedure  to  simulate  inviscid  as  well  as 
viscous  flows  past  submaulne  conflgurations  with  all  their  appendages.  One 
attractive  feature  of  using  triangular  or  tetrahedral  meshes  over  structured 
meshes  is  that  complex  geometries  can  be  easily  represented.  For  example, 
constructing  a  structured  mesh  Eiround  a  submarine  with  all  its  appendages 
will  require  a  tedious  task  of  decomposition  of  the  domain.  In  the  present 
work,  unstructured  grids  £ire  generated  using  the  advancing  front  algorithm  of 
Lohner.  The  governing  equations  of  flow  are  solved  using  the  finite-element 
version  of  the  Flux-Corrected  Transport  algorithm  (FEM-FCT).  Details  of  the 
flow  solver  can  be  found  in  the  Appendices  referred  to  above. 

As  a  first  step,  Euler  and  Navier-Stokes  solutions  were  obtained  for  an 
axisymmetric  flow.  This  provided  an  excellent  case  to  validate  the  procedure 
employed  and  also  a  base  to  build  models  for  predicting  turbulent  flows.  The 
procedure  was  applied  to  solve  a  model  problem  of  flow  over  a  sphere;  the 
computed  results  were  found  to  be  in  good  agreement  with  those  found  in  the 
literature  for  both  the  potential  flow  case  and  the  case  of  viscous  flow  at  Re  = 
100.  These  results  axe  included  in  the  paper  presented  at  the  AIAA  Fluid 
Eiynamics  Conference  (Appendix  A).  Having  established  the  correctness  of  the 
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procedure,  it  was  then  extended  to  compute  flow  over  the  submarine  hull 
configuration.  Grid  refinement  studies  were  conducted  for  the  inviscid  flow  in 
order  to  establish  the  independence  of  the  flow  solution  to  the  chosen  grid. 
Also,  a  laminar  viscous  flow  solution  over  this  configuration  was  obtained  for 
Re  =  1000.  The  convergence  rate  for  this  problem  deteriorated  considerably,  as 
would  be  expected,  due  to  the  presence  of  the  small  elements  in  the  boundary 
layer  that  are  needed  to  resolve  the  high  gradients  present  in  the  flow  ^^ables. 
Hence,  convergence  acceleration  of  the  numerical  method  was  investigated  by 
appropriately  sub-stepping  the  viscous  diffusion  terms.  It  was  foimd  that  this 
method  of  convergence  acceleration  does  not  yield  substantial  gain  because  the 
allowable  time-step  for  the  explicit  scheme  for  low  Mach  numbers  is  limited  by 
the  speed  of  sound.  Hence,  this  convergence  acceleration  procedure  should  be 
investigated  with  the  barely-implicit  correction  (BIC)  scheme. 

The  procedure  was  next  extended  to  solve  three-dimensional  flows. 
Results  were  obtained  for  inviscid  flow  over  the  submarine  with  sail  and  stem 
appendages  at  various  pitch  angles  of  attack.  This  work  was  presented  at  the 
APS  meeting  in  November  1989,  and  an  abstract  of  this  presentation  follows. 

Study  of  Three-Dimensional  Plows  Past  Complex  Geometries 
Using  a  Finite-Element  Method,  R  Ramamurti,  SAIC  &  NRL  and  R 
Lohner,  GWU  -  The  finite-element  method  of  Lohneri  has  been  advanced 
to  study  the  flow  past  complex  3-D  geometries.  In  the  present 
investigation,  the  advancing  firont  algorithm^  is  employed  to  generate  the 
unstructured  grids  over  a  complete  submarine  configuration.  A  two-step 
Taylor-Gederkin  procedure  is  used  to  discretize  the  Euler  equations  of 
motion.  The  procedure  was  tested  via  application  to  a  model  problem  of 
inviscid  flow  past  a  sphere  at  M«,  =  0.2.  Comparison  of  the  surface 
pressure  distribution  with  potential  flow  is  very  good.  The  procedure  is 
then  extended  for  the  simulation  of  3-D  flow  past  a  submarine  hull 
configuration  and  the  results  are  compeu'ed  with  the  Eudsymmetric 
solution.  Flow  past  this  configuration  with  sail  and  stem  appendages  is 
also  investigated  for  various  pitch  angles  of  attack  to  study  the 
asymmetric  flow  properties. 

*  This  work  is  supported  by  Naval  Research  Laboratory  imder  a  contract 
from  DARPA. 

1  Lohner,  R,  Morgan,  K.  and  Zienkiewicz,  O.C.,  Int.  J.  Num.  Meth. 
Fluids,  No.  4,  1984. 

2  Lohner,  R  and  Parikh,  P.,  AIAA  Paper  No.  88-0515,  1988. 


In  order  to  predict  the  formation  of  vortices  and  hence  the  noise 
generated  by  them,  it  is  important  to  carry  out  a  Navier-Stokes  analysis. 
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Therefore,  the  viscous  diffusion  terms  were  incorporated  into  the  3-D  version  of 
the  flow  solver.  In  the  numerical  procedure,  these  terms  were  treated  as  a 
deferred  correction  in  the  second  step  of  the  Taylor-Galerkin  procedure. 
Preliminary  coarse  grid  results  of  the  fully  appended  model  at  a  pitch  angle  of 
attack  of  10°  show  the  presence  of  vortices  at  the  junction  of  the  sail  and  the 
hull  and  also  at  the  tips  of  the  stem  planes.  This  configuration  was  also 
studied  at  a  yaw  angle  of  attack,  in  order  to  predict  the  forces  and  moments 
that  will  be  involved  in  a  maneuvering  submarine.  This  is  documented  in  the 
paper  that  was  presented  at  the  29th  AIAA  Aerospace  Sciences  Meeting  zmd  is 
included  as  Appendix  B. 

In  1990,  the  research  effort  was  directed  towards  simulating  transient 
flow  for  resolving  the  D5  water-in-nozzle  problem  and  to  give  better  estimates  of 
the  transient  forces  acting  on  the  nozzle.  This  research  efibrt  is  part  of  the 
Trident  related  activities  at  NRL.  It  has  been  the  primary  research  effort  since 
January  1990.  Work  was  also  continued  on  the  previous  year's  effort  on 
simulating  viscous  flows  past  complex  geometries  such  as  the  submarine  hull 
with  all  its  appendages. 

The  finite  element  method  coupled  with  the  adaptive  remeshing 
algorithm  was  employed  to  predict  the  transient  forces  and  the  flow  field  in  the 
nozzle.  The  interaction  of  the  shock  waves  with  the  aft-shield  was  also 
investigated.  Further,  the  rigid  body  motion  of  the  aft-shield  was  integrated 
with  the  remeshing  algorithm  in  order  to  study  the  effects  of  its  movement. 
The  effects  of  variable  specific  heat  ratios  on  the  dynamics  of  the  flow  was  also 
investigated.  The  results  of  this  effort  were  presented  at  the  43rd  Annual  APS 
meeting  and  the  abstract  follows. 

Numerical  Simulation  of  Transient  Plow  in  a  Nozzle,*  R. 

Ramamurti,  SAIC  &  NRL,  K.  Kailasanath.  NRL  and  R.  Lohner,  GWU  - 
Unsteady  flow  in  nozzles  is  studied  in  order  to  understand  the  d5nnamics 
of  the  flow  field  and  to  get  better  estimates  on  the  forces  acting  on  the 
nozzle.  The  numerical  simulations  have  been  performed  using  a  finite- 
element  method  coupled  with  an  adaptive  remeshing  algorithm.  The 
scheme  employed  for  the  flow  solver  is  a  Finite-Element  Method  Flux- 
Corrected  Transport  scheme  (FEM-FCT)  which  has  shown  excellent 
predictive  capability  for  eudsymmetric  flow  fields  with  strong  and  weak 
shocks.  The  effect  of  the  presence  of  a  barrier  near  the  exit  plane  of  the 
nozzle  on  the  flow  is  studied  by  integrating  the  adaptive  remsshing  of  the 
unstructured  grid  with  the  rigid  body  motion  of  the  barrier.  The 
movement  of  the  barrier  due  to  the  interaction  of  the  shock  wave  is 
calculated.  The  flow  in  the  nozzle  shows  the  presence  of  a  recirculating 
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region  which  eventually  exits  the  nozzle.  The  effect  of  variable  ratio  of 
specific  heats  is  also  investigated. 

•This  work  is  supported  by  Naval  Research  Laboratory  and  SSPO. 


Since  March  1991,  SAIC  evaluated  the  newly  developed  incompressible 
flow  code  using  unstructured  meshes.  This  is  done  via  application  to  several 
model  problems  such  as  flow  over  a  flat  plate,  developing  flow  in  a  channel, 
laminar  flow  over  a  backward  facing  step,  and  flow  past  a  circular  cylinder. 

m.  Vortex  Shedding  and  Lock>On 

SAIC  conducted  a  study  of  a  number  of  problems  in  the  field  of  bluff 
body  wakes.  The  study  was  carried  out  using  a  code  obtained  from  Professor 
George  Kamiadakis  at  Princeton.  This  code,  NEKTON,  is  a  spectral  element 
code  and  required  subst8mtial  change  to  enable  it  to  run  on  the  computer  at 
NRL.  Once  running  we  carried  out  an  extensive  numerical  investigation  of 
vortex  shedding  behind  a  circular  cylinder. 

The  work  consisted  of  determining  the  effect  on  the  vortex  street  of 
superimposing  a  small  perturbation  on  the  incident  mean  flow  upstream  of  the 
cylinder.  Experimental  work  had  suggested  that  for  a  range  of  ft^uencies  and 
amplitudes,  this  perturbation  could  result  in  a  phenomenon  known  as  "lock- 
on",  in  which  the  frequency  of  vortex  shedding  in  the  weike  was  altered  to 
match  the  frequency  of  the  perturbation.  For  frequencies  euid  amplitudes 
outside  of  a  hypothetical  frequency-amplitude  curve,  the  vortex  street  could 
exhibit  a  variety  of  behaviors  including  quasi-periodic  and  chaotic  shedding 
frequencies. 

Two  papers  that  were  published  jointly  with  Owen  Griffin  of  NRL  describe 
this  work.  The  first  paper  to  appear  was  a  review  eirticle  in  which  the 
experiments  performed  by  various  investigators  were  described  and  the  results 
compared;  a  single  numerical  case  in  which  lock-on  was  obtained  was 
described  in  detail  (cf.  "Review-Vortex  Shedding  Lock-on  Eind  Flow  Control  in 
Bluff  Body  Wakes,"  ASME  Journal  of  Fluid  Engineering,  December  1991.)  This 
paper  is  included  here  as  Appendix  C. 

The  second  paper  (cf.  "Vortex  Shedding  and  Lock-on  in  Bluff  Body 
Wakes,"  ASME  Journal  of  Fluids  Engineering,  June  1993)  contains  the  results 
of  an  extensive  numerical  investigation  in  which  the  shape  of  the  frequency- 
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amplitude  curve  was  defined,  and  a  more  complete  analysis  of  the  near-wake 
fiow  in  cases  of  lock-on  was  done.  In  this  Einalysis,  quantities  such  as  the  drop 
in  the  time-averaged  streamwise  component  of  the  velocity  in  the  wake  and  the 
rms  velocity  fiuctuations  were  examined,  as  well  as  the  longitudinal  vortex 
spacing  and  the  length  of  the  vortex  formation  region.  The  results  were 
compared  with  experimental  data  and  with  data  obtained  numerically  by  other 
investigators,  who  had  not  attempted  to  define  the  fi*equency-amplitude  curve, 
but  had  identified  one  or  more  individual  cases  of  lock-on.  This  paper  is 
included  in  this  report  as  Appendix  D. 

IV.  Tuxbulence  Studies 

This  effort  involved  investigations  of  wall-bounded  turbulent  flows  and 
free-surface  turbulence.  It  included  both  the  development  of  a  new  numerical 
code  and  the  interpretation  of  the  resulting  simulation.  The  generaJ  approach 
was  to  use  direct  numerical  simulations  to  generate  a  spatially  and  temporally 
accurate  database  for  interrogation.  The  simulations  were  performed  and 
analyzed  on  the  NRL  Cray  X-MP.  The  major  elements  of  these  studies  are 
described  in  the  following. 

1.  The  structure  of  Turbulent  Flows  -  In  wall  bounded  turbulent  channel 
fiow,  the  fluid  flow  is  not  entirely  random,  but  exhibits  a  chaotic  reoccurrence 
of  orgeinized  events.  A  common  feature  of  these  events  is  an  elongated  region  of 
low  speed  flow,  or  a  low  speed  streak.  A  streak  tracing  algorithm  has  been 
developed  which  permits  the  detection  and  tracking  of  low  speed  structures  in 
the  boundary  layer.  The  development  of  conditional  sampling  methodologies  in 
conjunction  with  direct  numerical  simulations  provides  tools  to  obtain  new 
insights  into  turbulent  flows  and  turbulence-free  surface  interactions. 

2.  Free-swface  Turbulence  -  The  structure  of  turbulence  near  a  free  surface 
was  examined  by  using  results  obtained  from  a  direct  simulation  of  flow 
between  a  no-slip  wall  and  a  shear  fi'ee  boundary,  which  serves  as  a  model  of  a 
waveless  free  surface.  The  turbulence  is  generated  at  the  no-slip  boundary  and 
convects  to  the  firee-surface. 
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-  Redistribution  of  Turbulence  Kinetic  Energy  by  Pressure-Strain 

An  energy  balance  analysis  shows  that  the  pressure-strain  term  is  the 
dominant  producing  term  for  the  spanwise  component  of  the 
turbulent  kinetic  energy  at  the  free-surface.  Two  phenomenological 
models  were  developed  for  the  redistribution,  involving  the  interaction 
of  turbulent  eddies  with  the  free-surface. 

-  Enstrophy  Production 

The  total  instantaneous  enstrophy  of  a  fluid  is  defined  as  the  square 
of  the  instantaneous  vorticity,  Ei  Qi  fit.  As  a  result  of  the  shear  free 
nature  of  the  top  boundary,  only  normal  vorticity  may  terminate  on  it. 
The  vorticity  components  parallel  to  the  top  boundary  must  go  to  zero 
at  the  boundary.  The  time  averaged  fluctuating  enstrophy  balance 
equations,  which  are  an  indicator  of  the  level  of  activity  of  the  vorticity 
field  are  evaluated.  Near  the  free  surface  the  rate  of  production  and 
destruction  of  enstrophy  is  set  by  the  stretching  and  rotation  of 
fluctuating  vorticity  by  the  fluctuating  velocity  field.  The  results  of 
this  study  were  presented  at  the  29th  Aerospace  Science  Meeting, 
January  7-10,  1991,  in  Reno,  Nevada.  The  associated  paper  is 
included  here  in  Appendix  E. 

-  Length  Scale  and  Modeling 

Two-point  correlations,  energy  spectra,  and  length  scales  reveal 
important  free  surface  induced  efiects.  The  length  scales  near  the  free 
surface  are  compared  with  the  scales  near  the  centerline  of  normal 
turbulent  channel  flow.  This  comparison  revesds  an  increase  by  a 
factor  of  three  in  the  streamwise  length  scales  associated  with  the 
spanwise  velocity  fluctuations  and  an  increase  by  a  factor  of  two  in 
the  spanwise  length  scales  for  the  streamwise  velocity  fluctuations. 
The  length  scEiles  normed  to  the  free  surface  are  decreased  for  all 
velocity  components.  This  indicates  a  more  pamcake-like  eddy 
structure  near  the  free  surface  compared  to  the  structure  ne£ir  the 
centerline  of  a  normal  charmel.  The  energy  spectra  show  qualitative 
agreement  with  the  Hunt-Graham  model,  though  higher  resolution 
calculations  will  be  required  to  make  more  quemtitative  comparisons. 
In  addition,  the  dissipation  rates  for  the  horizontal  components  of  the 
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turbulence  are  reduced  near  the  free  surface  while  the  dissipation  of 
the  vertic2il  component  remains  approximately  constant.  Details  were 
presented  at  the  29th  Aerospace  Science  Meeting,  January  7-10,  1991 
in  Reno.  Nevada  and  are  included  in  this  report  as  Appendix  F.  A 
second  paper  on  the  subject  was  presented  at  the  AIAA  22nd  Fluid 
D)mamics.  Plasmadynamics  &  Lasers  Conference  in  June  1991  at 
Honolulu,  Hawaii  and  is  incorporated  in  this  report  in  Appendix  G. 

3.  Vortex  Reconnection 

A  numerical  simulation  of  the  interaction  of  a  vortex  ring  with  a  shear- 
free  boundary  was  performed.  The  Re5molds  number  was  1000,  based  on  the 
circulation  and  viscosity,  and  the  ratio  of  the  core  diameter  to  the  ring  diameter 
was  0.4.  In  this  simulation  the  vortex  ring  interacts  with  the  shear-free 
boundary  through  the  primary  and  secondary  reconnection  events  resulting  in 
a  pair  of  vortex  hcdf  rings  attached  to  the  boundary.  The  dynamics  of  the 
reconnection  process  are  discussed  using  the  enstrophy  balances  and  an 
existing  anal)rtical  model  of  the  diffusion  of  a  strained  vortex  pair.  Based  on 
these  results,  a  physical  description  of  the  reconnection  events  was  developed. 
This  work  is  described  in  detedl  in  a  paper  published  in  the  Journal  of  the 
American  Society  of  Mechsinical  Engineers  (ASME)  1991  (AMD  -  Vo.  119, 
Dynamics  of  Bubbles  and  Vortices  Near  a  Free  Surface)  and  is  included  here  in 
Appendix  H.  Additional  description  of  the  work  appeared  in  an  earlier  paper 
presented  at  the  Winter  Annuail  Meeting  of  the  ASME  on  Recent  Advsmces  and 
Applications  in  Computational  Fluid  Dynamics  in  November  1990  in  Dallas, 
Texas.  This  is  included  here  in  Appendix  I. 

4.  Numerical  Methods  -  A  code  for  the  direct  simulation  of  turbulence  was 
developed.  This  code,  THRDFS,  is  similar  to  the  method  of  Kim,  Moin,  and 
Moser  (1987).  The  primitive  Navier-Stokes  equations  are  rewritten  as  a  fourth- 
order  equation  for  the  vertical  velocity  and  a  second-order  equation  for  the 
verticcil  vorticity.  The  technique  implicitly  satisfies  continuity,  which  allows 
decoupling  of  the  pressure  field  from  the  viscous  flow  calculation.  The 
pressure  field  is  evaluated  in  a  postprocessing  calculation.  Pressure  and 
vertical  velocity  on  the  free-surface  are  coupled  by  requiring  the  normal 
momentum  equation  to  be  added  to  the  free-surface  boundaiy  conditions. 


The  free- surface  boundeiry  conditions  have  been  implemented  in  two 
forms.  The  boundary  conditions  are  linearized  in  the  first  case,  resulting  in  low 
amplitude  waves  and  no  mode  coupling  within  the  boundary  conditions.  The 
subsurface  flow  fleld.  however,  remeiins  fully  nonlinear  and  mode  coupling  .s 
permitted.  In  the  second  implementation  of  the  boundzuy  conditions  the 
application  is  for  weakly  nonlinear  free-surfaces.  The  full  nonlinearity  of  the 
boundary  conditions  is  retained,  but  the  conditions  are  still  imposed  on  tfie 
mean  free-surface. 

V.  Numerical  Simulations  in  Support  of  Narcotics  Interdiction 

We  have  been  investigating  the  issues  involved  in  requirements  definition 
for  narcotics  interdiction.  How  much  of  a  particular  signature  could  be  there, 
how  does  this  amount  change  for  different  conditions,  and  what  is  the  temporal 
relationship  in  vEtrious  scenarios.  Our  approach  has  been  to  simulate 
numeric£dly  the  conditions  that  f rise  during  vapor  or  particulate  transport. 
The  advantages  of  this  approach  are  that  ( 1)  a  broad  range  of  scenarios  can  be 
rapidly  and  inexpensively  analyzed  by  simulation  and  (2)  simulations  can 
display  quantities  that  are  difficult  or  impossible  to  measure.  The  drawback  of 
this  approach  is  that  simulations  cannot  include  all  of  the  phenomena  present 
in  a  real  measurement,  and  therefore  the  fidelity  of  the  simulation  results  is 
always  an  issue. 

A  description  of  this  work  will  be  presented  in  San  Diego,  Ceilifomia  in 
July  1993  at  a  meeting  on  Cargo  Inspection  Technologies,  part  of  SPIE's 
International  Symposium  on  Optics,  Imeiging,  and  Instrumentation. 

We  will  discuss  these  issues  and  how  they  apply  to  the  current  problems. 
We  will  show  the  results  of  a  ID  numerical  simulation  and  compare*  these 
results  with  the  analytical  solution  to  show  that  the  model  is  verifiable  at  this 
level.  We  will  also  present  data  of  3D  simulations  of  vapor  transport  in  a 
loaded  CcU'go  contciiner  zmd  some  of  the  materials  issues  present  in  this 
problem. 

This  work  was  also  presented  in  June  1993  at  the  Contraband  Detection 
Trace  Chemical  Phenomenology  Workshop  sponsored  jointly  by  ARPA  zmd  the 
Office  of  National  Drug  Control  Policy.  A  set  of  viewgraphs  presented  at  the 
meeting  and  incorporated  into  the  Proceedings  of  the  Workshop  are  included  in 
this  report  as  i^pendix  J. 
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Abstract 

This  paper  deacribea  an  exteaaion  of  ptevioualy  devri* 
oped  Finite  Elenaent  Euler  and  Navier-Stokea  aolveea 
on  unctmetufed  fiida  in  Carteaian  coordinate  eysteniB 
[1-4^  to  axiayBunetrie  coordinate  systema.  It  ia  aheera 
bow  to  aniva  at  a  conaiatent,  bi^-ordar  formulation 
by  a  proper  choice  of  iaterpoUtion  for  the  unknowns. 
All  intepala  are  derived  in  cloeed  form,  and  the  eat* 
act  fonnalae  are  praaantad.  Numerical  esamplas  may- 
ulatinf  both  transient  and  ateady-etate  Sows  in  the 
subeonie,  traneonie  and  auperaonk  legima  an  given. 
The  reaulta  demonatrate  the  accuracy  and  wide  ranga 
of  appIkabUity  of  tbs  method. 

Lrifoduetioa 

Many  practical  Sow  aiiniilationa  requin  the  solution 
of  the  equations  daacribiag  axiaymnr  ric  rnmpwna 
ible  Sows.  Among  then  an  Sows  iu  or  past  bodies 
of  nvolution  at  aero  angle  of  attadc,  su^  aa  ducta, 
nacrilea,  ftiariagea,  tniaailes,  aa  wdl  aa  certain  types 
of  e^qiloriona  and  detonatioas.  For  an  ariaymmetrie 
coordinate  ayatem,  the  Navier-Stokn  equations  gov* 
eming  compreasibie  Sows  may  be  written  as: 


du  .dn .  I  dFZ 

when 
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.0-) 


f  "'I 

pu ' 

rpx' 

r 

pv 

pu*  +  p 
pxv 

rpwt 
rpe*  +  rp 

1 

mH. 

rvB . 

Hspe-i-p 


(Ik-d) 


f: 


{  °1 

'  0' 

1 

0 

1  ^ 

II 

Ur"+eT"+q.J 

.  0. 

V  / 

Of- 


f 


*) 


K 


(10 


Hen  c,r  denote  the  axial  and  radial  «**«ytdinatea. 
p,p,*,H  denote  the  danaity,  pnamm,  enargy  and  en> 
*•*  denote  the  velocitiaa  ia  Um  a  and  r  dime> 
tion.  Using  Stehnhypothaaia,  the  viacoaitycoegeient 
p  and  the  bulk  modnlns  A  an  rdated  by 


and  the  viacoua 
given  by 


(2) 


and  heat  Suxea  an 


+  .  (3c, d) 

=  (Sc,/) 

when  7  and  k  denote  the  temperatun  and  thermal 
conductivity  of  the  Suid  respectively.  The  equation 
aet  la  completed  by  the  addition  of  the  state  equations 


F«(7-lv[«-5(«’  +  **)] 


(4«.k) 


whidi  am  valid  for  a  perfect  gas,  when  7  ia  the  ratio 
of  the  ^eciSe  beats  and  c.  is  the  spe^c  heat  at 
constant  vriuma. 

Multiplicatkn  of  the  asrstem  of  Eqs.  (1)  with  r  yields 


drU  drF*  dFZ 
a*  _dx  Sr 


=  5.+ 


drF:  dF; 
dx  dr 


+s; .  (5) 


We  will  denote  the  form  the  Euler  equations  as 
^ven  by  Eq.(l)  as  Fbrm  1,  and  the  form  given  by 
Eq.(5)  aa  Fbra  3.  Both  forma  have  been  used  aa 
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•tartinf  point*  for  diicret*  appiannution*.  Form  1 
WM  u*ed  by  Kutkr,  Gtakravartby  and  Lombard  {6], 
wbo  treated  it  a*  a  ayatem  of  equation*  in  two  dim^ 
aion*.  Thi*  *trai(htfbrward  ua*  of  Form  1  doe*  not 
produce  a  eonaervativa  differenc*  aeheme,  and  there* 
fore  tbeae  author*  employed  a  ahock  fitting  aeheme  to 
trace  the  ahock*.  Form  2  wa*  employed  by  Deeae  and 
Aganral  {7],  Yu  and  Chen  [8],  and  Woan  {9].  The** 
author*  u^  thi*  form  in  Jameaon’a  tno-dimenaional 
cell-centered  finite  volume  FL052  cod*.  Beeauae  the 
aeheme  i*  cell-eentered,  no  problem*  appear  at  r  a  0 
(no  node*  are  placed  there).  However,  problem*  at* 
expected  at  r  a  0  if  a  node-centered  a^eme  i*  pre- 
fened. 


Two-Step  Thylor-Galerkin 

The  two-*tep  Tkylot-Galetkin  algorithm  ha*  been 
used  extensively  for  the  computation  of  both  inviO' 
cid  and  viscous  fiows  in  two  and  three  dimension*  for 
Cartesian  coordinate  *]r*tem*  (8*5].  Given  a  ayatem 
partial  differential  equation*  of  the  form: 


SC/  dfj 
St  St* 


=  S,+ 


(«) 


where  U,  F*  and  5  denote  the  vector*  of  unknowns, 
fiuxe*  and  source  terms,  are  proceed  a*  follows: 

a)  Firat  aten  :  (Advective  Predictor) 


+  (T) 

b)  Second  ateo  : 


act*  =  At- 


dF* 

S? 


In  both  aubetep*  the  qratial  discretisation  is  per¬ 
formed  via  the  usual  Galerkin  weighted  reaidual 
method  [3-^.  However,  we  note  that  at  s 
t”  -t- 1  At,  the  quantities  U,F,Sm  assumed  a*  piece- 
wise  constant  in  the  elements,  whereas  at  I*  , 
the  quantities  17,  F,  5  are  assumed  pieceariae  linear. 


Choice  of  Conservative  Form  and  Interpolation 

Having  selected  the  time-marching  algorithm,  we  are 
now  faced  with  the  choice  of  conservative  form.  We 
can  either: 

a)  Take  Conservative  Form  1,  and  integrate  consis¬ 
tently,  e.g.. 


J^W^2wrd*dr,  (9) 

which  yields  essentially  Conservative  Form  2,  or 
b)  Take  Conservative  Form  2,  interpret  it  as  a  two- 
dimensional  Cartesian  problem,  and  ucorporate 
it  ‘as  is’  into  an  existing  2-D  code. 

It  is  interesting  to  note  that  whichever  approach  we 
take,  we  always  requite  Conservative  Form  2  in  or¬ 
der  to  obtain  a  conaiatent,  conamvative  schema.  The 
next  question  that  arises  is  how  to  interpolats  the 
unknowns  involved  in  order  to  obtain  a  diamtisation 
scheme.  We  can: 

a)  Interpolate  (rp,  rptt,  rpm,  rpe)  by  a  piece- 
wise  linear  approximation.  This  is  the  so-called 
'group  formulatkm’.  It  appears  very  economical 
and  simple  to  implement,  but  for  the  limit  as 
r  -»  0,  all  derived  quantities,  such  as  the  pres¬ 
sure,  are  not  defined.  They  eithsk  ''ave  to  be 
obtained  using  L’Hc^ital’s  rule  (which  involvea 
taking  derivatives),  or  the  points  lying  on  the 
axis  r  s  0  have  to  ^  pushed  to  r  s  c,  where  <  is 
a  small  number.  We  tried  this  optkHi,  but  fmind 
that  we  always  encountered  numerical  problems 
close  to  the  axis  r  as  0. 

b)  Interpolate  (p,  pu,  pv,  pe)  god  r  by  a 
piecewise  linear  approximation.  This  form  yields 
a  hitler  accuracy  in  the  r  -direction  [10]  and  has 
no  problem*  at  r  s  0.  The  integrals  that  ap¬ 
pear  in  the  weighted  residual  statement  are  more 
complicated  to  evaluate.  However,  they  may  still 
be  derived  in  cloaed  form.  For  these  reasons  we 
chose  this  secmid  form  for  the  spatial  discretisa¬ 
tion  of  the  Euler  equations. 

The  First  Step 

Evaluating  all  the  integrals  in  the  weighted  reridual 
statement  of  Eq.(7),  denoting  Nj  as  the  derivative  of 
the  shape  function  N*  with  respect  to  j,  using  the 
notation  defined  in  Figure  1,  and  the  expressions 

’  •*  - 3 -  * 

the  following  discretization  for  the  Navier-Stokes 
equations  results: 

Continuity: 


7.1  =  ^  22(3  +  »^)Pi 
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Tha  Saeood  Step 

For  tlMMeood  step,  weegunevelaateellUieintegnle 
exKtly.  Denoting  m  Mi  the  coneietent  uum  nuUiix 

M,mJ  N*N*rds4r  ,  (15) 

we  obtain  fcr  the  Euler  ecpiatione: 

Continnity: 

M,A£  »  At  53  VOL^  Fii 

(16) 


M.A£«  «  A<53  VOLa  rAN%(^M  -  O 

•I  1 

+^!^((?5^)--vjr)j 

+Ai53  yOL^N*(p^  +  rff) 

(18) 


Energy: 


MiA^w 

At  2  voin  Frf  Jiv;^(arrf  -  (*t« + vt^+uM 
+  W<(nrw-(-T"+irr^  +  fr)^)j 


(19) 


Coneietent  Bdaea  Matrioea 


A  qineetion  that  arieea  from  the  compntational  pmat 
of  view  ia  whether  the  coneietent  maae  matrix,  whidi 
ie  obtained  by  nermHing,  at  dement  levd,  the  fob 
lowing  exact  dement  matrkee 


(20) 


cannot  be  aiiiqplilied  by  taking  the  average  dnnent  ra- 
diue  ia  the  integrd  (13).  Thie  would  yidd  the  dement 
matrix 


^1  2  ij  *F^M».  (21) 

whidt  ia  leaa  expenaive  to  evaluate.  Our  aumaid  ex- 
perimeata  indicate  that  thk  aiinpUfication  can  be  em¬ 
ployed  without  loae  of  accuracy.  The  condatent  maae 
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matrix  i«  tolvad  iteratively  ••  in  the  Carterian  eaae 
[1-5],  and  again  it  ia  found  that  two  to  three  paaeae 
over  the  elementa  are  auffleient  to  raiae  the  phaae  ao> 
curacy  of  the  reaulting  achema  from  aecond  to  eaaen- 
tially  fourth  order. 

ArtiBeial  Viacoeitiea 


a)  Modified  Lapidua  artificial  viaeoaity:  The  modified 
Laptdua  artificial  viaeoaity  [11],  which  proved  aucceaa* 
ful  for  Carteaian  coordinate  ayatema,  can  be  extended 
to  the  axiaymmetric  eaae  without  any  further  modi* 
ficationa  by  multiplying  the  element  contributiona  by 
their  reapective  average  element  radiua. 


b)  Maaa  diffuaioa  for  the  FEM-FCT  algorithm:  The 
maaa  difluakm  which  ia  added  to  the  high-order 
aeheme  to  yield  a  monotonie  low-order  aeheme  aa  part 
#  of  the  FEM-FCT  algorithm  [5]  can  alao  be  extended 

to  the  axiaymmetrie  eaae  by  amply  multiplying  the 
Carteaian  element  contributiona  by  their  reapective 
average  element  radiua. 


Numerical  examplaa 

A  number  of  numerical  examplea  ate  given  to  illua- 
trate  the  performance  of  the  method  when  aimulai- 
ing  tranaient  and  ateady-atate  ptoblema  m  the  aub- 
aonic,  tranaonic  and  aupemonic  flow  tegune.  For  all 
ateady-atate  problenM,  local  timeatepping  waa  uaed  to 
accelerate  the  convergence. 

1)  Superaonic  flow  oaat  a  aoheie  fateadv  atatel:  the 
eaae  under  conaideration  coneqmnda  to  a  free-atream 
Mach  Number  of  *  3.0.  For  thia  ateady-atate 
aolution,  only  the  Li4>idua  artificial  viaeoaity  waa  em¬ 
ployed  to  atabiliae  the  aduti<».  The  exact  atand-rdf 
diatanee  f<»  the  ahock  ahould  be  of  a  s  1.21811,  whoa 
R  denotea  the  radiua  of  the  aphere  [12].  The  grid  waa 
adaptively  remeahed  three  timea  [13].  The  final  ao¬ 
lution  ia  ahown  in  Figurea  2a>2c.  T^  experimental 
atand-off  diatanee  ia  reproduced  exactly  by  the  aolu- 
tion. 


2)  Shock  impiBgiBg  on  i..blmU>Qdy,(lraBBait);  The 
problem  atatement,  aa  well  aa  the  aolutiona  obtained 
at  two  different  timea  are  ahown  in  Figurea  3a-3f.  A 
Btrong  ahock  {M,  as  10),  moving  from  left  to  right, 
impingea  on  the  concave  body  diaplayed  in  Figure  3a. 
An  adaptive  refinement  aeheme  for  tranaient  prob- 
lema  [14]  waa  employed  to  reaolve  accurately  all  flow 
featurea.  The  m^  waa  adapted  every  7  timeatepa, 
and  two  levela  of  refinement  were  allowed.  The  FEM- 
FCT  option  waa  invoked  to  maintain  aharp  ahock- 
reaolution.  The  main  aim  of  thia  aimulation  waa  to 
demonatrate  the  good  phaae-accuracy  and  low  nu¬ 
merical  damping  of  the  preaent  scheme  for  thia  claaa 
of  problema.  Aa  observed  in  earlier  simulations 
this  class  of  problems  [15-17]  the  concave  shape  of  the 


body  alleeta  the  stability  of  the  stand-off  shock  signif¬ 
icantly.  Figures  3g.h  show  the  pleasure  time-histories 
at  two  stations  along  the  axis  of  symmetry.  Station 
1  (Figure  3g)  liea  at  the  far  right  end  of  the  domain, 
while  station  7  lies  shortly  behind  the  final  position  of 
the  shock.  One  can  clearly  observe  a  damped  shock 
oscillation  around  its  steady-state  poaition.  It  takes 
many  cycles  for  the  shock  to  settle  to  its  final  position. 
Thia  bcjiaviour,  which  ia  not  ohaerved  for  convex  bod¬ 
ice,  waa  also  seen  in  other  numerical  simulations  and 
several  wind-tunnel  experiments  [15-17]. 

3)  Flow  in  an  Underexpanded  Noxale  fsteadv  stateV 
The  noaxle  geometry,  adapted  meah  and  Mach  num¬ 
ber  contouia  are  shown  in  Figures  4a  and  4b  respec¬ 
tively.  Several  different  runs  were  poformed  for  this 
problem.  Some  had  the  FEM-FCT  option  switched 
on,  others  only  employed  the  basic  two-step  scheoM 
described  above.  All  these  nma  showed  the 

of  the  two  shocks  depicted  in  Figure  4b.  The  run  re¬ 
produced  here  waa  doiM  with  a  Lapidua  artificial  vis¬ 
cosity.  Both  shocks  resulted  from  inadequate  nosile 
wall  shape,  as  ahown  ia  the  expanded  Mach-number 
contour  plot  of  the  tegioa  near  the  throat  (Fig.  4e). 
The  pressure  ratio  across  the  shock  ia  significantly 
lower  than  the  pteaaure  decrease  through  the  throat, 
though  the  padienta  axe  higher.  During  convergence 
to  steady  state,  the  grid  was  adaptively  remeahed 
three  times.  Tl^  maximum  atxetcldng  ratio  for  the 
elementa  waa  set  to  six.  A  comparison  between  the 
measured  and  predicted  radial  distribution  of  total 
preaauxe  at  the  exit  plaiM  is  shown  in  Fig.  4d.  Signifi¬ 
cant  scatter  ia  shown  in  the  experimental  data,  while 
no  data  ia  available  in  the  region  of  the  multiple  shock 
xyatem.  Nonethdeaa,  the  leaulta  demonstrate  very 
good  agreement  over  moat  of  the  exit  plane.  Some 
deviation  is  ahown  near  the  wall.  It  sterna  from  the 
existence  of  a  third  shock  that  starts  at  the  wall  just 
upstream  of  the  exit  plaiw  of  the  nossle. 

4)  Flow  past  a  eohere.  Res  100  fateadv.  viacoiiel: 
Steady  viscous  flow  past  a  sphere  at  a  Mach-number 
oS  Ma  s  0.1  and  Reynolda-number  ot  Res  100  pro¬ 
vides  aa  important  test  example  to  evaluate  the  ac¬ 
curacy  of  the  present  scheme.  No  artificial  viecoaity 
waa  added  for  thia  subsonic  case.  The  problem  state¬ 
ment,  aa  well  aa  the  results  obtuned,  are  shown  in 
Figure  5.  The  grid  employed  for  thia  case  (Fig.  5a) 
consists  of  a  structured  portion  divided  into  triangles 
in  the  boundary  layer  sons,  and  an  unstructured  mesh 
elsewhere.  FVom  Fig.  5d,  it  can  be  seen  that  the  re¬ 
circulation  sone  extends  1.4  diameters  into  the  wake, 
measured  from  the  center  of  the  sphere.  This  com¬ 
pares  well  with  experimental  results  [17].  Figure  5e 
shows  very  good  agreement  of  computed  surface  vor- 
ticity  with  earlier  numerical  results  [18,19].  The  flow 
separates  at  an  angle  of  approximately  123”. 
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Conducioiu 

We  have  deacribed  a  Finite  Element  Solver  for  ax- 
iaymmetric  compreiaible  flowa.  The  Navier-StokM 
equatione  ate  advanced  forward  in  time  uaing  a  two> 
■tep  Taylor-Galerkia  procedure.  Due  care  waa  given 
to  obtain  a  conaiateat  integration  of  all  variablea. 
Although  elightly  more  expenaive  than  the  equivar 
lent  Carteaian  scheme,  the  current  formulation  ia  the 
only  one  that  yielda  full  aecond  order  accuracy  for 
all  the  unknowna  in  b<Ah  the  axial  and  radial  direc¬ 
tions.  A  high-order,  monotonicity  preserving  scheme 
is  obtained  by  combining  this  basic  two-step  Taylor- 
Galerkin  procure  with  FEM-FCT  techniques. 

INiture  developments  will  center  on  extensions  of 
the  current  explicit  scheme  to  semi-iffiplicit  or  implicit 
schemes. 
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Figure  3  :  Shock-Concave  Body  Interactioo 


Fimrt  3c  Shock-Concave  Body  Interaction:  Pretture  History  at  Sution  1 
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Figure  3h:  Shock-Concave  Body  Interaction:  Pressure  History  at  Station  7 


Fig  4.  Mesh  (a)  and  Mach  Number  Contours  (b)  for  the  Whole  Nozzle  and  Expanded 
Mach  Number  Contoms  near  the  Throat. 


10 


MROL  I^I^SIS).  -  A 


Figurw  4d!  Radial  Distribution  of  Total  Prassurs  at  Exit  Plana. 
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Flgura  S;  Flow  paat  a  Sphorot  Ma=0.1,  RaslOO. 

(a)  Grid;  (b)  Presaure  Contours;  (c)  Vorticity  Contours; 
(d)  Velocity  Vectors. 
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Figure  Se  Comparison  of  Surface  Vorticity  Dbtribution  on  a  Sphere. 
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Abstract 

A  finite  element  scheme  [1,2]  has  been  advanced 
for  solving  the  Euler  and  Navier>Stokea  equations 
with  unstructured  grids  in  both  Cartesian  and  ax* 
isymmetric  coordinate  systema.  The  two-step  Taylor^ 
Galerkin  procedure  is  employed  to  diacreiiie  the  gov¬ 
erning  equations.  The  accuracy  of  the  scheme  k  val¬ 
idated  by  comparing  computed  results  for  fkm  over 
a  sphere  with  wdl  blown  numerical  results  and  via 
a  grid-refinement  study  for  an  inviacid  flow  over  an 
axiaymmetrie  body.  The  procedure  is  extended  to 
solve  three-dimensional  flows  over  submarine  config¬ 
urations  with  sail  and  stem  appendages.  Convergence 
acceleration  for  viscous  flows  by  sub-stepping  ^  the 
viscous  terms  is  investigated. 


the  governing  equations.  The  convergence  of  the  solu¬ 
tion  procedure  to  steady  state  depend  on  the  speed  of 
sound  and  the  tninimum  cell-Reynold’s  number  and 
is  rather  poor  for  low-speed,  viscous  flows.  There¬ 
fore,  two  acceleration  procedures  are  investigated  in 
this  paper.  The  first  one  tries  to  circumvent  the 
timcstep-Iimits  imposed  by  cMl  Reynolds-numbeis  by 
using  sub-stepping  of  the  viscoos  fluxes.  The  second 
one  tries  to  circumvent  the  timestep-limits  imposed 
by  v«  e  speed  of  sound  by  employing  a  semi-implicit 
techniqiie,  whoeby  the  {weasure-mote  are  integrated 
implicitly. 

Goivomiag  Equatioits 

The  equations  governing  the  fluid  flow  are  the 
Navier-Stokes  equations  whi^  can  be  written  as 


Introduction 

Numerical  solution  of  flow  past  complex  geome¬ 
tries  is  an  important  tool  for  a  fluid  djrnamidat.  The 
use  of  unstructured  grids  consisting  of  triangular  M- 
ements  in  two  dimensions  and  tetrahedral  elements 
in  three  dimensions  together  with  a  finite-element 
method  has  proven  valu^le  in  computing  higbepeed, 
compressible  flows  [1,2].  The  advantage  of  using  tri¬ 
angular  or  tetrahedral  meshes  over  structured  meshes 
is  that  complex  geometries  can  be  easily  represented. 
For  example,  constructing  a  structured  me^  around 
a  submarine  hull  with  it*  sail  and  stem  ^ipendages 
would  require  the  tedious  task  of  decomposing  the  d(y 
main.  On  the  other  hand,  the  advantage  of  the  etru^ 
tur^  meshes  is  that  they  provide  better  resolution  in 
the  vicinity  of  the  body  and  hence,  allow  better  reso¬ 
lution  of  the  strong  gradients  present  in  vimus  flows. 
To  accurately  resdve  these  gradients,  which  are  pre¬ 
dominantly  in  the  normal  direction,  it  is  necessary 
to  have  a  fine  mesh  spacing  in  this  direction  while 
retaining  a  large  spacing  in  the  tangentiM  direction. 
In  the  present  work,  a  structured  mesh  is  employed 
in  the  normal  direction  retaining  unstructured  mesh 
in  the  tangential  direction.  These  structured  meshes 
are  then  divided  into  triangular  and  tetrahedral  ele¬ 
ments  in  two  and  three  diinensiom  respectively.  Tlie 
remainder  of  the  unstructured  grid  is  generated  unng 
the  advancing  front  grid-generation  algorithm  [3]. 

In  this  paper  the  finite-element  method  is  applied 
to  solve  low  subsonic  viscous  flows  both  in  axi^mmet- 
ric  and  3-D  Cartesian  coordinates.  An  explicit  two- 
step  Taylor-Galerkin  procedure  is  employed  to  solve 

This  paper  it  declared  a  work  of  tbs  II.S.  Covcrmnent  and 
is  not  subject  to  copyri|ht  protection  in  the  United  States. 
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Here  x,r  and  x  denote  the  axial,  radial  and  span* 
wiae  coordinate*,  p,p,e,H  denote  the  deneity,  pres¬ 
sure,  energy  and  enthalpy  and  u,v,  w  denote  the  ve¬ 
locities  in  the  c,  r  and  x  directions  respectively.  Using 
Stokes  hypothesis,  the  viscosity  coefficient  p  and  the 
bulk,  modulus  A  are  related  by 


A  = 


3  ' 


(2) 


and  the  viscous  shear  stresses  and  heat  fluxes  are 
given  by 


n  du  «  A  dtv 


where  T  and  k  denote  the  temperature  and  thermal 
conductivity  of  the  fluid  respectively.  The  equation 
set  is  completed  by  the  addition  of  the  state  equation 

P  =  (7  -  l)/»  [«  -  5  («’  +  «*)j  .  (4) 

which  is  valid  for  a  perfect  gas,  where  7  is  the  ratio 
of  the  specific  heats. 

For  the  axisymmetric  case,  the  system  of  Eqs.  (1)  is 
multiplied  with  r  to  yield 


drU  dvFt  dF: 
dt  dx  dr 


S,+ 


drF; 

dx 


•  (5) 


Using  this  form  of  the  conservative  equations  can  be 
shown  to  be  the  same  as  integrating  the  system  of  EUis. 
(1)  in  a  consistent  manner.  In  the  weighted  residual 
framework,  the  use  of  conservative  form  represented 
by  Eq.  (5)  in  conjunction  with  separate  interpolations 
for  r  and  U  avoids  the  problems  encountered  for  r  =  0 
using  a  node-centered  scheme.  Details  of  evaluating 
the  integrals  in  the  weighted  residual  statement  and 
interpolation  ot  the  unknowns  are  given  in  Reb.  [2,4]. 

Two-Step  Taylor-Galerkin  Procedure 


A  two-step  form  of  the  one-step  Taylor-Galerkin 
scheme  is  employed  as  the  time  advancing  scheme. 
This  belongs  to  the  Lax-Wendroff  class  of  schetiMs 
and  has  bm  used  extensively  for  the  computation 
of  both  inviscid  and  viscous  flows  in  two  and  three 
dimensions  for  Cartesian  cowdinate  systems  [1,2]. 
Given  a  system  of  partial  differential  equations  of  tlw 
form 


W  dF* 
dt'*'dx‘ 


=  S.+ 


(6) 


where  U,Fi  and  St  denote  the  veckw  of  unknowr^ 
advective  fluxes  and  advective  source  tmns,  and  f]| 
and5»  denote  viscous  fluxes  and  viscous  source  terms, 
the  two-step  is  as  frdlows. 

a)  First  step  f  Advective  nredictorl: 


b)  Swond  rttp ; 


(7) 


AIT*  s  -  IT* 


(8)  • 

In  both  Bubsteps  the  spatial  discretization  is  per¬ 
formed  via  the  usual  Galerkin  weighted  residual 
method  [1,2].  However,  we  note  that  at  = 
f"  |Af ,  the  quantities  U,  F,  S  are  assumed  piece- 

wise  constant,  whereas  at  t"  ,  the  quantities 
U,  F,  5  are  assumed  piecewise  linear.  Also,  it  should  ^ 

be  noted  that  the  viscous  terms  are  added  during  the 
second-step  of  the  procedure  as  a  deferred  corrector. 

Artificial  Viscosities 


For  inviscid  flows  considered  in  the  present  pa¬ 
per,  additional  snooothing  has  been  implemented  in 
the  flow-solver.  Two  poet-smoothing  artificial  viscosi¬ 
ties  have  been  implemented.  These  are 

a)  a  modified  Lapidus  artificial  viscosity,  and 

b)  a  presBure-ba^  artificial  viscosity. 

The  modified  Lapidus  artificial  viscosity  has  been 
described  in  [5].  The  viscosity  only  acts  in  the  direc¬ 
tion  1,  and  is  of  the  form 


d(yi) 

dl 


_  V|v| 
|V|v||  • 


(9) 
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Here  h  is  the  element-iise,  and  v  denotes  the  velocity- 
vector. 

The  pressure-baaed  artificial  viscosity  is  a  modifica¬ 
tion  of  that  proposed  by  Morgan  ei  s/.  [6].  The  vis¬ 
cosity  coefficient  employed  is  ^  the  form 


u _ -  mcY^pa _ 

“  E.I  KMi  -  McYi  \Pi  +  c  +  McY^Pi  ' 

(10) 

Here  Mt  and  Me  again  denote  the  lumped  and  con¬ 
sistent  element  matrices,  while  pv  denotes  the  pressure 
at  node  i.  The  terms  following  <  are  added  to  distin¬ 
guish  ‘noise’  from  a  true  physical  discontinuity.  If  < 
vanishes,  the  artificial  viscosity  is  of  first  order,  while 
for  e  >  0  second  order  is  achieved. 

Barely-ImpUeit  Correctioii  Scheme 

For  low  subsonic  flows,  the  time-step  for  explicit 
schemes  is  limited  by  the  largest  eigenvalue  of  the 
system  of  equations.  The  idea  behind  BIC  is  to  tre^ 
the  'speed  of  sound  modes’  implicitly  and  keep  the 
treaUnent  of  the  ‘pure  advection  modes’  explicit.  The 
advutage  of  such  a  semi-implicit  scheme  is  that  the 
matrix  to  be  inverted  has  a  much  simpler  structure. 
A  modal  decomposition  of  the  Jacobians  of  the  ad- 
vective  fluxes  into  their  ‘speed  of  sound  modes’  and 
the  ‘pure  advection  noodes’  yields 

■  (“) 

Based  on  this  the  advective  fluxes  can  be  written  as 


Ap-e*Af*(7-l) 


d  Ype  +  p\  flAp 
V  P  ) 


where 


Ap-f  A(pe-fp}  . 


(14) 


A(^Tp)  =  -eA<(7-l)^((pe-»-p)Afijl  .  (15) 

The  overall  solution  sequence  then  proceeds  as  f<d- 
losrs; 

First  the  solution  is  advanced  explicitly  yielding  A&. 
The  pressure  increment  Ap  is  th«  obtained  from  Eq. 
(14).  The  vdocities  are  then  corrected  to  get 

The  new  values  for  the  energy  (pe)"'*'*  are  computed 
using  Eq.  (15). 

The  solution  the  elliptic  equation  for  pressure  in¬ 
volves  inversion  of  a  large  matrix.  However,  the  band¬ 
width  and  condition-number  of  this  matrix  are  mudi 
better  than  in  the  case  of  totally  implicit  schones. 
Furthermore,  because  of  its  inherently  elliptic  charac¬ 
ter  it  is  very  well  suited  to  any  type  of  iterative  sedver. 
Numerical  tests  indicate  that  for  the  Mach-number 
range  JI/qs  =  0.05  —  0.1,  only  two  to  ten  over-relaxed 
Jac^i  passes  are  required. 

Substepping  of  Viscous  Fluxes 

A  Fourier  stability  analysis  for  the  explicit 
scheme  described  above,  shows  that  the  scheme  is  sta¬ 
ble  provided 


Fi^FU  +  Fi,  .  (12) 

Details  of  the  modal  analysis  are  given  in  Ref.  [7]. 
The  aim  is  to  construct  a  time  stepping  scheme  that  is 
unconditionally  stable  for  the  ‘sp^  of  sound  modes’ 
contained  in  but  only  conditionally  stable  for  tlm 
‘pure  advection  modes’  contained  in  A^.  In  order  to 
achieve  this  goal,  we  integrate  the  terms  implic¬ 
itly,  and  the  remuning  terms  explicitly: 

flAFi. 

AU  +  QAt-s-^  =  AU  .  (13) 

d*j 

Here  AU  denotes  the  incremenis  ihfA  are  obtained  for 
the  explicit,  uncorrected  schenu  %nd  6  is  an  implic¬ 
itness  parameter.  Exploiting  the  sparse  structure  of 
the  ‘pressure  fluxes’  Fl^,  we  can  reduce  the  system  of 
coupled  equations  given  in  Eq.  (13)  to  a  single  elliptic 
equation.  This  is  Sieved  by  combining  the  momen¬ 
tum  and  energy  equations,  and  the  equation  of  state. 
Note  that  this  is  different  from  the  projection  schemes 
widely  used  for  the  simulation  of  incompressible  flows. 
These  combine  the  continuity  and  momentum  equa¬ 
tions,  and  not  the  momentum  and  energy  equations. 
The  end  result,  after  some  algebra  (see  Ref.  [^),  is  the 
following  elliptic  equation  for  the  pressure  increment 
Ap: 


c<  .  (W) 

where  C  is  the  Courant  number  and  Rea  i*  the  min¬ 
imum  cdl  Reynolds  number.  Convergence  to  steady 
state  can  be  accelerated  by  local  time-stepping.  Al¬ 
though  this  local  time-stepping  strata  is  efficient  for 
inviscid  flows,  convergence  is  rather  po<»  for  viscous 
flows.  One  way  to  improve  convergence  is  to  treat 
the  viscous  terms  in  an  implicit  manner.  Here  we 
employ  an  alternative  ^proach  of  sub-stepping  the 
viscous  terms.  If  the  allowable  time-step  due  to  the 
viscous  terms  is  much  smaller  than  that  tot  the  ad¬ 
vective  terms,  the  use  of  substeps  becomes  a  viable 
alternative,  'ne  implementation  of  the  sub-stepping 
procedure  is  as  follows: 

During  the  second-step  of  the  solution  procedure, 
the  inviscid  fluxes  are  advanced  with  their  allowable 
timestep  At,.  The  corresponding  contribution  to  the 
right-hand  side  of  Eq.  (8)  can  be  written  as 

R.  =  At.  (5.r+i-|^l"+i)  .  (17) 

Next,  the  ratio  of  allowable  timesteps  for  the  inviscid 
and  viscous  fluxes  is  computed  as 


n,  = 


Af. 

Al, 


(18) 
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Given  ri«,  the  required  number  of  viscous  subste(»  n« 
and  the  sequence  of  inviscid  timesteps  =  l,n« 

are  computed.  Next,  the  contribution  of  the  viscous 
fluxes  to  the  right-hand  side  is  computed  as 


Hi  =  ^  AC  • 

msl 

(19) 

Here,  for  m  =  1,  the  flux  contribution  is  computed 
at  time-level  n.  The  viscous  contribution  is  then 
added  to  the  corresponding  fraction  of  the  inviscid 
right-hand  side  A* 

= -Rt  +  •  (20) 

Finally,  the  boundary  conditions  are  applied  to  A^« 
and  the  unknowns  are  updated  using 

Af/"  ' =  1/"+*  ' -  f/"  =  Ai,  .  (21) 

Our  numerical  experiments  indicate  that: 

a)  It  is  important  to  keep  the  viscosity  of  the  fluid 
constant  during  substepping.  Otherwise,  the  linear 
stability  analysis  is  no  longer  valid. 

b)  The  advancement  of  viscous  and  inviscid  fluxes 
must  be  accomplished  in  a  time-accurate  manner,  as 
described  by  Eqs.  (20)  and  (21).  Otherwise,  the 
critical  balance  of  viscous  and  inviscid  fluxes  is  de¬ 
stroyed,  leading  to  numerical  instability  for  large  al¬ 
lowable  timestep-ratios  r^*. 

A  simple  timestep-sequence  for  substepping  is  to  con¬ 
sider  constant  substeps 

Ati  =  — At.  ,/  =  l,n,  .  (22) 


Results 


Steady  viscous  flow  past  a  sphere  at  a  Mach- 
number  of  Moo  =  0.1  and  Reynold^number  of  Ae  = 
100  provides  an  important  test  example  to  evaluate 
the  accuracy  of  the  present  scheme.  No  artificial  vis¬ 
cosity  was  added  for  this  subsonic  case.  The  problem 
statement,  as  well  as  the  results  obtained,  are  shown 
in  Figure  1.  The  grid  employed  for  this  case  (Fig.  la) 
consists  of  a  structured  portion  divided  into  triangles 
in  the  boundary  layer  zone,  and  an  unstructured  mesh 
elsewhere.  From  Fig.  Id,  it  can  be  seen  that  the  re¬ 
circulation  zone  extends  1.4  diameters  into  the  wake, 
measured  from  the  center  of  the  sphere.  This  com¬ 
pares  well  with  experimental  results  [8].  Figure  le 
shows  very  good  agreement  of  compute  surface  vor- 
ticity  with  earlier  numerical  results  [9,10].  The  flow 
separates  at  an  angle  of  approximately  123*. 


Having  established  the  correctness  of  the  proce¬ 
dure,  the  present  scheme  is  then  applied  to  solve  flow 
past  a  hull-shaped  body  of  revolution.  First,  the  in¬ 
viscid  equations  are  solved  on  a  coarse  grid  consist¬ 
ing  of  988  points  and  1807  elements.  The  results  for 
Moo  =  0.2,  are  shown  in  Fig.  2.  In  order  to  estab¬ 
lish  the  reliability  of  the  solutions,  a  grid  refinement 
study  is  undertsJien.  The  grid  is  refined  using  the 
classic  h-refinement  technique.  The  results  in  terms 
of  pressure  contours  for  the  two  grids  are  shown  in 
Fig.  2b  and  c.  Figure  2d  shows  the  comparison' 
the  surface  pressure  distribution,  obtained  employing 
the  two  grids.  One  can  see  that  the  dfect  of  grid 
refinement  is  minimal  on  the  quality  of  the  solution. 
This  indicates  that  the  first  mesh  was  already  quite 
adequate. 

Next,  the  procedure  is  applied  to  solve  steady 
viscous  flow  past  this  configuration  at  Moo  =  0.1  and 
Ae  =  1000.  The  grid  employed  for  this  case  consists 
of  7276  nodes  and  14093  elements,  and  is  riiown  in 
Fig.  3a.  Results  in  terms  of  pressure  and  vorticity 
contours  and  velocity  vectors  are  shown  in  Fig  3l>-d. 
Correct  trend  in  surface  pressure  distribution  is  ob¬ 
served.  The  vorticity  contours  show  a  tendency  for 
the  flow  to  separate  in  the  afterbody  region.  This  so¬ 
lution  is  obtsined  with  local  time-etepping  but  with¬ 
out  sub-stepping  of  the  viscous  terms.  For  this  case, 
convergence  ao^eratiem  via  substeppmg  of  the  vis¬ 
cous  terms  with  constant  sub-step  sixes  did  not  3rield 
substantial  gain.  This  is  due  to  the  fact  that  the  al¬ 
lowable  time-step  for  the  advective  terms  is  already 
quite  small  at  this  low  Mach  number. 


For  low  subsonic  flows,  the  barely-implicit 
scheme  in  coqjunction  with  FEM-FCT  is  employed, 
so  that  the  time-step  limitation  due  to  the  speed  of 
sound  is  eliminated.  This  procedure  is  applied  for 
solving  unsteady  flow  past  a  circular  cylinder  for  Ae  = 
100  at  a  Mach-number  of  Moo  —  0.1.  This  particu¬ 
lar  Ae-nurober  was  chosen,  because  in  this  regime  the 
experiments  show  the  strongest  variation  of  Strouhsl- 
numbers  as  a  function  of  Reynolds-number  [11).  Fig¬ 
ure  4  shows  the  grid  employed,  the  velocity  vectors 
and  the  entropy  contours  in  the  wake.  The  numer¬ 
ically  obtained  Strouhal-number  was  graphically  in¬ 
distinguishable  from  the  experimental  data.  This  is 
not  surprising,  as  the  grid  close  to  the  cylinder  is  ex¬ 
tremely  fine,  allowing  good  boundary  layer  resolution, 
and  the  advection  s<^eme  is  fourth-order  accurate  in 
phase-space.  Four  substeps  for  the  viscous  fluxes  were 
employed.  The  savings  occured  by  this  combination 
of  semi-implicit  scheme  and  the  substepping  as  com¬ 
pared  to  an  explicit  solver  were  in  excess  of  1:50. 
The  main  ingredients  for  this  high  savings-factor  stem 
from:  a)  elimination  of  the  speed  of  sound  limitation 
(1:10),  b)  low  velodty  in  the  boundary  layer  (1:5),  c) 
substepping  of  the  viscous  fluxes  (1:3). 


3-Dim«n8iQnal  Flow_ 

Inviscid  Flow  Paat  a  Sphere  .  Af^  =  0.2 

Next,  the  procedure  ia  extended  to  3-D  and  an 
inviscid  flow  paat  a  sphere  was  choaen  as  the  test  case, 
since  axisymmetric  results  from  the  present  study  and 
earlier  results  are  available  for  this  case.  Figures  5a 
and  b  show  the  grid  employed  and  the  pressure  con¬ 
tours  over  the  surface  of  the  sphere.  Figure  5c  shows 
the  comparison  of  the  surface  pressure  distribution. 
From  this  figure,  it  is  clear  that  the  axisymmetric  case 
compares  very  well  with  the  potential  flow  solution; 
the  agreement  of  the  3-D  solution  is  fairly  good  ex¬ 
cept  near  the  two  stagnation  points.  This  discrepancy 
may  be  due  to  the  small  artificial  dissipation  that  was 
needed  to  stabilise  the  3-D  solution  procedure. 

Flow  Paat  a  Fully  Appended  Submarine 

The  procedure  is  applied  to  solve  inviscid  flow 
past  a  submarine  with  sail  and  stern  appendages,  at 
a  Mach  number  Mco  =  0.2  and  various  pitch  angles  of 
attack  a,  from  0*  to  10*.  The  grid  employed  for  this 
case  consists  of  383,956  tetrah^a  and  70,222  nodes 
and  ia  shown  in  Fig.  6a.  Convergence  to  steady  state 
was  achieved  in  1000  iterations,  and  the  results  in 
terms  of  surface  pressure  contours  for  a  =  0*  and  10* 
are  shown  in  Fig.  6b  and  c  respectively.  Figure  6d 
shows  that  the  variation  of  the  lifting  force  due  to 
pressure  with  angle  of  attack  ia  linear.  The  non-iero 
force  at  a  =s  0*  is  due  to  the  presence  of  the  sail. 

Next,  viscous  flow  past  the  fully  appended  sub¬ 
marine  configuration  at  a  =  10*  and  Re  s  10* 
was  considered.  Results  were  obtained  employing 
a  coarse  grid  consisting  of  410,162  tetrahedra  and 
71,524  nodes.  At  the  time  this  calculation  was  per¬ 
formed,  we  did  not  have  the  capability  to  grid  the 
boundary  layers  with  semi-structured  grids  appropri¬ 
ately  in  ^D.  Thus,  this  run  has  to  be  viewed  as  an  ex¬ 
periment  as  to  what  happens  if  Navier-Stokes  bound¬ 
ary  conditions  are  imposed  on  an  Euler  mesh.  To  our 
surprise,  many  viscous  features  were  well  reproduced 
on  this  coarse  mesh,  e.g.  the  necklace  vortex  at  the 
junction  of  the  sail  and  the  hull,  shown  in  Fig.  7a. 
From  the  vorticity  contours  at  various  croes-planes 
along  the  sail  shown  in  figures  7b  and  c,  it  is  clear  that 
this  vortex  moves  up  along  the  sail.  Also,  a  second 
vortex  appears  from  the  top  of  the  sail  and  is  shown 
in  Fig.  7c.  These  vortices  pass  well  above  the  stern 
planes  controlling  the  motion  of  the  submarine.  The 
vorticity  contours  near  the  trailing-edge  of  the  stern 
plane.  Fig.  7d,  show  the  presence  of  tip  vortices. 

Viscous  Flow  Past  a  Sphere  Usinx 
Semi-Structured  Grids 

The  three-dimensional  viscous  flow  results  pre¬ 
sented  so  far  show  proper  qualitative  behaviour  de¬ 
spite  the  relatively  coarse  mesh  employed  in  the  com¬ 
putation.  In  order  to  resolve  the  strong  gradients 
present  in  viscous  flows,  a  structured  mesh  is  em¬ 
ployed  in  the  vicinity  of  the  body.  A  typical  grid 
consisting  of  153,179  tetrahedra  and  28,302  nodes  is 
shown  in  Fig.  8a.  The  velocity  vectors  in  the  wake  of 
the  sphere  show  that  the  recirculation  zone  extends 


upto  one  diameter  into  the  wake  measured  from  the 
center  of  the  sphere. 

Suounary 

A  finite  element  scheme  has  bera  employed  to 
solve  Euler  and  Navier-Stokes  equations.  Results 
were  obtained  for  both  axisymmetric  and  three- 
dimensional  flows  and  the  solution  procedure  was  vali¬ 
dated  via  application  to  a  model  problem  of  flow  over 
a  sphere.  The  validation  was  carried  out  for  both 
Euler  and  Navier-Stokes  solutions.  Convergence  ac¬ 
celeration  for  low-subsonic  viscous  flow  cases  was  in¬ 
vestigated  by  sub-stepping  of  the  viscous  terms  when 
the  time-step  was  limited  predominantly  by  the  min¬ 
imum  cell-BLeynold’s  number  and  by  employing  the 
BIC-FEM-FCT  when  the  time^tep  was  limited  by 
the  speed  of  sound.  Preliminary  results  were  obtained 
for  three-dimensional  viscous  flows  past  complex  ge¬ 
ometries.  A  3-D  senoi-structured  grid  which  combines 
structured  grid  in  the  normal  direction  in  the  vicinity 
of  the  body  and  unstructured  grid  in  the  remainder  of 
the  computational  domain  was  developed  for  use  with 
Navier-Stokes  solver.  Presently,  fine  grid  results  are 
being  obtained  for  flow  over  a  sphere  mt  Re  =  100. 
The  convergence  acceleration  methods  discussed  in 
this  paper  will  be  incorporated  in  the  3-D  sdution 
proc^ure  which  will  then  enable  efficient  computa¬ 
tion  of  unsteady  viscous  flows. 
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Fig.  1.  Results  for  Flow  Past  a  Sphere,  Jte  —  100, 

(a)  Grid;  (b)  Pressure  Contours;  (c)  Vorticity  Contours; 

(d)  Velocity  Vectors.  # 
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Fig.  le.  Compariaon  of  Surface  Vorticity  Diatribution  on  a  Sphere. 
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Fig.  2.  Reaulta  for  Flow  Peat  Axiaymmetric  Body,  Moo  =  0-2» 

(a)  Coarae  Grid;  (b)  Preaaure  Contoura;  (c)  Preaaure  Contours 
on  Fine  Grid;  (d)  Effect  of  Grid  Refinement. 
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Fig.  3.  Results  for  Viscous  Flow  Past  Axisymmetrie  Body,  Re  s  1000 
(a)  Grid;  (b)  Pressure  Contours;  (e)  Vortlcity  Contours; 

(d)  Velocity  Vectors. 


Fig.  4.  Flow  Past  a  Circular  Cylinder,  Meo  =  0.1,  Re  s=  100 
(a)  Grid;  (b)  Velocity  Vectors;  (c)  Enlarged  View 
(d)  Entropy  Contours. 


(b) 


(c) 


Fig.  5.  Results  for  Inviscid  Flow  Past  a  Sphere,  Moo  =  0.2, 

(a)  Grid;  (b)  Comparison  of  Surface  Pressure  Distribution; 
(c)  Pressure  Contours. 
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Results  for  Invbcid  Flow  Past  Fully  Appended  Submarine, 
(a)  Grid;  (b)  Pressure  contours,  o  s  0*; 

(c)  Pressure  Contours,  a  =  10*;  (d)  Lift  vs  a 
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Review— Vortex  Shedding  Lock-on 
and  Fiow  Control  in  Bluff  Body 
Wakes 

The  results  of  recent  experiments  demonstrate  that  the  phenomenon  of  vortaxshed~ 
ding  resonance  or  ioek-on  is  observed  aiso  whenabbtff  body  is  placed  in  an  incident 
mean  flow  with  a  periodic  component  superimposed  upon  it.  This  form  of  vortex 
shede^  and  tock-on  eiddbits  a  partkulariy  strong  resonance  between  the  flow 
perturbations  and  the  vortices,  aiul  provides  one  of  several  promising  means  /or 
modification  and  control  of  the  ba^  formation  and  stabil^  mechmisms  in  the 
near-wake  of  a  bluff  body.  Examples  are  given  of  recent  direct  numerical  simuiations 
of  the  vortex  lock-on  in  the  periodic  flow.  These  agree  well  with  the  results  of 
experiments.  A  discussion  aiso  is  given  of  vortex  lock-on  due  to  body  osdUations 
both  normal  to  and  in-line  with  the  incident  mean  flow,  rotational  oscillations  of 
the  body,  and  of  the  effect  of  sound  on  lock-on.  The  lock-on  phenomenon  is  discussed 
in  the  overall  context  of  active  and  passive  wake  control,  on  the  basis  of  these  and 
other  recent  and  related  results,  with  particular  emphasis  placed  on  active  control 
of  the  circukr  cylinder  wake. 


Introduction 

Vortex  streets  are  formed  in  the  wakes  of  bluff,  or  un- 
streamlined,  bodies  over  a  wide  range  of  Reynolds  numbers, 
from  approximately  SO  to  10^  and  even  higher.  The  physics  of 
vortex  street  formation  and  the  near-wake  flow  have  been  the 
focal  point  for  many  past  experimental  studies,  e.g.,  Roshko 
(19S4,  1955),  Gerrard  (1966),  Beannan  (196S,  1967),  Griffln 
and  Ramberg  (1974)  and,  most  recently,  Unal  and  Rockwell 
(1988a,  b),  Ongoren  and  Rockwell  (1988a,  b),  and  Williamson 
and  Roshko  (1988).  One  reason  for  this  interest  has  been  the 
importance  of  knowing  how  the  mean  and  fluctuating  fluid 
forces  are  generated  on  the  body  due  to  vonex  shedding.  An¬ 
other  reason  is  the  perceived  connection  of  the  near-wake  flow 
to  the  eventual  evolution  of  the  overall  middle  and  far-wake 
vortex  patterns  (Cimbala  et  al.,  1988;  Browne  et  al.,  1989). 
One  of  the  most  cogent  descriptions  of  the  physics  of  vortex 
streets  and  bluff  body  wakes  was  given  by  Morkovin  (1964) 
as  “a  kaleidoscope  of  challenging  fluid  phenomena.”  This 
description  is  in  many  ways  still  true  to^y.  Modern  high¬ 
speed  computers  and  direct  and  large-eddy  numerical  simu¬ 
lation  techniques  now  allow  and,  in  the  future,  will  further 
allow  the  vonex  formation  and  wake  modifleation  and  control 
processes  to  be  studied  computationally  at  high  resolution 
(Karniadakis  and  Triantafyllou,  1989,  1990;  Grinstein  et  al., 
1990,  1991). 

If  a  bluff  cylinder  is  flexible  and  lightly  damped,  or  rigid 
and  flexibly  mounted,  then  resonant  oscillations  can  te  excited 
by  the  incident  flow.  As  a  consequence  of  this  flow-induced 
resonance,  the  body  and  wake  oscillations  have  the  same  fre- 
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quency  which  is  near  one  of  the  charaaeristic  frequencies  of 
the  struaures  (Bishop  and  Hassan,  1964;  Koopmann,  1967). 
Extensive  recent  reviews  of  vortex  shedding  from  blufl^  bodies 
and  vortex-induced  oscillations  have  been  given  by  Sarpkaya 
(1979)  and  Beannan  (1984).  This  coincidence  or  resonance  of 
the  vonex  and  vibration  frequencies  is  commonly  termed  lock- 
on.  The  term  phase-locking  also  has  been  used  in  the  literature 
(Rockwell,  19W).  Lock-on  or  resonance  occurs  when  the  body 
is  oscillated  in-line  with  the  incident  flow  (Grinin  and  Ram¬ 
berg,  1976;  Ongoren  and  Rockwell,  1988b),  and  the  lock-on 
resonance  also  is  induced  when  a  cyUnder  is  forced  to  oscillate 
normal  to  the  flow  over  the  appropriate  range  of  imposed 
frequencies  and  amplitudes.  Two  recent  studies  (Tokomaru 
and  Dimotakis,  1991;  Filler  et  al.,  1991)  have  shown  that  ro- 
utional  oscillations  of  a  circular  cylinder  can  cause  lock-on. 
The  recent  compuutions  of  Karniadakis  and  Triantafyllou 
show  that  a  lock-on  state  can  be  reached  when  a  small  spatially 
and  temporally  varying  periodic  disturbance  is  introduced  into 
the  near-wake  of  the  cylinder.  The  disturbance  is  analogous 
to  a  vibrating  wire  with  the  appropriate  frequency  and  am¬ 
plitude. 

Vortex  resonance,  or  lock-on,  has  been  observed  also  when 
the  incident  mean  flow  has  a  sufficiently  large  periodic  com¬ 
ponent  superimposed  upon  it  (Barbi  et  al.,  1986;  Armstrong 
et  al.,  1986, 1987).  In  this  case  the  cylinder  remains  stationary, 
but  the  vortex  lock-on  resulting  from  the  inflow  perturbation 
modifies  the  character  of  the  near-wake  flow.  There  is  a  com¬ 
plete  equivalence  between  this  case  and  in-line  oscillations  of 
the  cylinder  when  the  acoustic  wavelength  is  long  compared 
to  the  cylinder’s  diameter.  The  introduction  of  an  appropriate 
sound  Held  also  can  cause  lock-on  to  occur  (Blevins,  198S). 
All  of  these  external  disturbances  represent  potential  means 
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for  active  coniroi  of  the  bluff  body  near-wake  flow  (Rockwell, 
1987, 1990).  Aaive  control  of  the  vortex  shedding  in  the  wake 
of  a  stationary  circular  cylinder  by  means  of  acoustic  feedback 
was  demonstrated  in  the  recent  experiments  of  Ffowcs  Williams 
and  Zhao  (1989).  Passive  control  of  the  shedding  process  can 
be  accomplished  by  geometric  alterations  such  as  a  wake  split¬ 
ter  plate  (Bearman,  196S;Roshko,  19S4, 1935;  Mansingh,  1^). 
Recent  discussions  of  the  subility  and  control  of  separated 
flows  in  general  are  given  by  Oertel  ( 1990)  and  Rockwell  ( 1990). 

Vortex  lock-on  and  resonance  phenomena  have  numerous 
praaical  engineering  applications.  These  applications  abound 
in  offshore  exploration  and  drilling.  Naval  and  marine  hy¬ 
drodynamics,  and  underwater  acoustics.  Other  areas  of  en¬ 
gineering  practice  impacted  by  these  phenomena  are  civil  and 
wind  engineering,  nuclear  and  conventional  power  generation, 
and  electric  power  transmission.  Modification  and  control  of 
the  flow  can  be  employed  to  reduce  the  intensity  of  the  wake 
in  order  to  reduce  the  drag,  for  example.  These  same  processes 
also  can  be  used  to  intensify  the  wake  flow  in  order  to  enhance 
heat  transfer,  mixing  and  combustion. 

The  emphasis  of  this  review  paper  is  on  vortex  shedding 
resonance  and  lock-on  in  the  near-wakes  of  bluff  bodies.  Vor¬ 
tex  shedding  in  a  flow  with  a  periodic  component  superimposed 
on  the  basic  mean  flow  is  introduced  here  as  the  first  case  for 
study.  This  is  an  interesting  bluff  body  flow  which  has  not 
been  studied  previously  in  detail.  The  more  widely  studied  cases 
of  vortex  shading  resonance  and  lock-on  due  to  body  oscil¬ 
lations  both  normal  to,  in-line  with  the  incident  mean  flow, 
and  rotational  are  also  discussed  in  some  detail.  The  intro¬ 
duction  of  sound  also  is  discussed  for  the  relatively  few  con¬ 
tributions  which  are  available.  The  discussion  here  is  directed 
principally  toward  the  circular  cylinder,  but  limited  discussion 
of  other  body  configurations  is  introduced  at  places  where  it 
seems  appropriate  to  do  so. 


.Near-Wake  Flow  Scaling 

Roshko  (1954,  1955)  and  Bearman  (1967)  originally  showed 
that  a  characteristic  group  of  nondimensional  parameters  for 
scaling  of  the  wakes  of  bluff  bodies  could  be  derived  by  ap¬ 
plying  relatively  simple  physical  arguments.  The  most  recent 
formulation  (Ciriffin,  1978,  1981,  1989)  is  a  universal  wake 
Strouhal  number  St*  for  vortex  shedding  based  upon  measured 
parameters  of  the  bluff  body  near-wake  flow. 

If  one  considers  two  shear  layers  a  distance  d'  apart,  with 
the  velocity  just  outside  the  layers  equal  to  {/(,,  the  mean  ve¬ 
locity  at  separation,  then  a  wake  Strouhal  number  can  be 
defined  as 

fj!'  /l/\/fi'\ 

(I) 


The  characteristic  frequency  f„  associated  with  the  flow  is 
assumed  to  be  proportional  to  the  ratio  Ui,/d'.  Here  the  clas¬ 
sical  Strouhal  number  of  the  vortex  wake  is 


(2) 


where  d  is  the  cylinder  diameter  and  U  is  the  incident  flow 
velocity.  When  Bernoulli’s  equation  is  applied  to  the  flow  just 
outside  the  boundary  layer  at  separation,  the  base  pressure 
coefficient  is 

If  the  base  pressure  parameter  or  velocity  ratio  K<=Ut,/U  is 
introduced,  then 


a:'=i-c, 
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A  wake  Reynolds  number  Re*  is  defined  in  a  corresponding 
way  as 


where  Re=  Ud/y  is  the  usual  free-stream  Reynolds  number. 
These  scaling  relations  are  employed  later  in  the  paper  to  cor¬ 
relate  the  near-wake  flow  properties  with  one  another. 

Flow  Perturbations  and  In-Line  Oscillations 

The  recent  experiments  of  Armstrong  et  al.  (1986, 1987)  and 
of  Barbi  et  al.  (1986)  were  conducted  to  examine  the  problem 
of  vortex  lock-on  for  a  cylinder  in  a  stream  consisting  of  a 
steady  flow  with  a  periodic  component  superimposed  upon  it. 
In  earlier  experiments,  Hatfleld  and  Morkovin  (1973)  at¬ 
tempted  to  study  the  same  problem,  but  the  results  were  in¬ 
conclusive  because  the  flow  perturbation  amplitude  and 
frequency  were  too  low  to  cause  lock-on.  The  results  obtained 
by  Barbi  et  al.  and  Armstrong  et  al.  show  some  very  basic 
similarities  with  the  earlier  experiments  of  Griffin  and  Ramberg 
(1976),  which  were  conducted  to  examine  vortex  shedding  lock- 
on  for  a  cylinder  oscillating  in-line  in  a  steady  incident  flow. 

The  vortex  lock-on  regime  measurements  by  Barbi  et  al.  are 
compared  with  those  of  Griffln  and  Ramberg  in  Fig.  1.  The 
vmical  axis  represents  two  different  measures  of  the  pertur¬ 
bation  amplitude.  For  the  experiments  of  Griffin  and  Ram- 
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berg,  the  amplitude  parameter  is  defined  by  the  ratio  of  the 
peak-to-peak  amplitude  of  cylinder  displacement  2a  and  the 
cylinder  diameter  d.  And  for  the  experiments  of  Barbi  et  al., 
the  normalized  “peak-to-peak”  incident  velocity  perturbation 
is  given  by  2SU/u>d.  The  horizontal  axis  is  the  ratio  of  the 
vibration  frequency  /and  the  Strouhal  frequency  /„  of  a  sta¬ 
tionary  cylinder.  Also  shown  are  the  cylinder  vibration  results 
of  Tanida  et  al.  (1973)  and  of  Tatsuno  (1972).  reproduced 
from  the  paper  by  Griffin  and  Ramberg.  The  dashed  tines 
enclose  the  region  occupied  by  the  results  of  Armstrong  et  al. 
(1986,  1987)  which  are  shown  on  an  expanded  scale  in  Fig.  2. 
Vonex  lock-on  and  cross- flow  oscillations  usually  occur  near 
the  Strouhal  shedding  frequency  f„.  For  in-line  oscillations 
and  flow  perturbations,  the  lock-on  is  caused  by  frequencies 
which  occur  near  twice  the  Strouhal  frequency,  /=  2/„,  since 
the  fluauating  drag  force  is  in  the  flow  direction.  However, 
in  many  cases  the  aaual  lock-on  frequency  is  near  the  Strouhal 
frequency,  or  half  the  oscillation  or  perturbation  frequency. 

There  is  generally  good  agreement  between  the  bounds  of 
the  lock-on  regime  for  the  two  different  types  of  external 
disturbance  or  flow  control,  though  there  is  some  scatter  at 
the  highest  amplitudes.  This  is  most  likely  due  to  Reynolds 
number  effects,  as  noted  by  Barbi  et  al.  The  latter  experiments 
were  conduaed  at  Re  between  3,000  and  40,000,  whereas  the 
results  of  Tanida  et  al.,  Tatsuno,  and  of  Griffin  and  Ramberg 
were  conducted  at  Re  between  80  and  4.000.  The  overall  dif¬ 
ferences  are  relatively  small  in  any  case. 

In  Fig.  2  the  venical  and  horizontal  axes  have  been  scaled 
in  the  same  way  as  in  the  previous  figure.  The  original  results 
of  Armstrong  et  al.  had  been  plotted  in  terms  of  the  rms  velocity 
u '  and  the  reduced  velocity  U/f,^.  Three  body  shapes  were 
investigated,  i.e.,  a  circular  cylinder,  a  D-section  cylinder,  and 
a  vertical  fiat  plate.  It  is  clear  that  the  circular  cylinder,  with 
free  separation  points,  has  a  lock-on  range  of  about  twice  the 
breadth  of  the  two  bodies  with  fixed  separation  points.  This 
basic  difference  in  the  lock-on  behavior  for  these  types  of  bluff 
bodies  was  previously  discussed  by  Bearman  and  Davies  (1975) 
and  by  Bearman  (1984)  for  the  case  of  body  oscillations  only. 
As  shown  by  the  former,  the  afterbody  shape  plays  an  im¬ 
portant  role  in  the  character  of  the  lock-on  or  resonance,  e.g., 
in  terms  of  the  response  of  the  base  pressure  and  near  wake 
flow  to  the  forcing. 

The  base  pressure  coefficient  Q*  is  influenced  by  the  flow 
perturbations  in  much  the  same  manner  as  in  the  case  of  cyl¬ 
inder  oscillations.  For  the  stationary  cylinder  the  base  pressure 
coefficient  is  near  “  I  .44;  this  value,  though  somewhat 
low  for  a  circular  cylinder,  is  in  reasonable  agreement  with  the 
results  of  West  and  Apelt  (1982)  for  a  comparable  wind  tunnel 
blockage  ratio  of  nine  percent.  When  the  flow  perturbation 
was  largest,  the  base  pressure  was  decreased  to  Qt,=  -  1.85 
at  the  point  of  maximum  resonance,  a  reduced  velocity  of  U/ 
/,od  =  2.5  (half  the  Strouhal  value).  The  measured  vortex  for¬ 
mation  region  length  f/was  reduced  by  this  level  of  perturbation 
to  Q.9d  from  \.2d,  the  value  measured  for  the  unperturbed 
flow  (Armstrong  et  al.  1987). 

Lesser  decreases  in  Cpt  were  measured  for  smaller  levels  of 
the  flow  perturbation,  with  an  overall  dependence  upon  re¬ 
duced  velocity  U/ftdd.  The  mean  drag  coefficient  Co  increased 
from  1.28  to  1.52  for  the  perturbed  flow  as  compared  to  the 
unperturbed  flow.  The  base  pressures  of  the  flat  plate  and  D- 
section  bodies  also  were  decreased  by  the  introduction  of  the 
incident  flow  perturbations.  But  the  decrease  was  only  half  of 
that  measured  for  the  circular  cylinder  at  the  same  perturbation 
amplitude,  which  further  shows  the  effect  of  free  versus  fixed 
separation  points  on  the  vortex  resonance.  These  experiments 
were  conducted  at  Reynolds  numbers  between  15,000  and 
35,000,  and  the  base  pressure  coefficients  of  all  three  stationary 
bodies  in  the  unperturbed  flow  were  effectively  constant  over 
this  range. 

A  recent  experimental  study  of  vortex  resonance  and  lock- 
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on  due  to  in-line  oscillations  of  a  circular  cylinder  was  con¬ 
ducted  by  Ongoren  and  Rockwell  (1988b).  These  experiments 
also  included  oscillations  of  the  cylinder  at  inclination  angles 
to  the  flow  between  a  =  0  degrees  (in-line)  and  a  =  90  degrees 
(cross-flow),  but  the  emphasis  of  the  discussion  here  is  on  the 
in-line  oscillations.  The  cross-flow  oscillations  (Ongoren  and 
Rockwell,  1988a)  are  discussed  in  the  next  section.  A  wide 
range  of  vortex  patterns  was  visualized  by  introducing  pulsed 
hydrogen  bubbles  into  the  incident  flow  about  a  circular  cyl¬ 
inder  mounted  vertically  in  a  free-surface  water  channel. 

Both  symmetric  and  asymmetric  vonex  patterns  were  ob¬ 
served  over  a  wide  range  of  oscillation  conditions.  For  the  in¬ 
line  oscillations,  vortex  lock-on  was  observed  at  /=  2,  3,  and 

/jo.  with  an  asymmetric  street  formed  at  twice  the  basic 
Strouhal  frequency  and  a  symmetric  street  formed  at  three 
times  the  Strouhal  frequency.  The  asymmetric  pattern  was 
complex  in  that  one  row  consisted  of  a  line  of  single  vortices, 
whereas  the  other  row  consisted  of  a  line  of  oppositely  rotating 
vonex  pairs.  The  vortex  lock-on  at  three  times  the  Strouhal 
frequency  resulted  in  the  formation  of  a  symmetric  street  of 
vortices.  In  these  cases  the  basic  patterns  persist  downstream 
over  a  large  number  of  oscillation  cycles.  When  the  oscillation 
frequency  is  four  times  the  Strouhal  frequency,  a  symmetric 
pattern  is  formed  but  rapidly  loses  its  coherence  in  the  early 
wake. 

A  time  sequence  over  a  full  in-line  oscillation  cycle  is  shown 
in  Fig.  3  for  the  condition /=  2  /„.  Figure  3(a)  was  taken  with 
the  cylinder  in  its  forwardmost  position  and  shows  a  vortex 
shedding  from  one  side  of  the  cylinder  as  in  Figs.  3(c)  and  (d). 
•As  the  cylinder  moves  through  its  maximum  downstream  po¬ 
sition  and  changes  direction,  a  second  vortex  is  formed  and 
shed  from  the  same  side  of  the  cylinder  as  in  Figs.  3(e)  and 
if).  Then  a  single  vortex  is  formed  from  the  other  side  of  the 
cylinder  as  the  motion  cycle  continues  as  shown  in  Fig.  3(g). 
Ongoren  and  Rockwell  observed  that  the  pattern  persisted  over 
50  or  more  cycles  of  the  oscillation,  but  often,  if  the  flow  was 
stopped  and  restarted,  a  mirror  image  of  the  pattern  was 
formed.  This  is  but  one  example  of  the  complexity  of  the  flow 
patterns  which  accompany  the  oscillations.  In  this  case  the 
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oscillation  and  vonex  frequencies  are  phase-locked,  but  under 
other  nonresonant  conditions  there  was  competition  between 
the  symmetric  and  asymmetric  modes.  Under  these  conditions, 
(he  lock-on  persists  in  one  mode  over  a  specified  number  of 
cycles  and  then  switches  to  the  other  mode.  The  mode  com¬ 
petition  also  is  influenced  by  the  upstream  feedback  of  dis¬ 
turbances  from  the  near-wake  of  the  cylinder.  Complex  patterns 
of  three  vortices  such  as  these  also  were  photographed  by 
Griffin  and  Ramberg  (1976)  at  similar  frequencies  during  their 
wind  tunnel  experiments. 

Numerical  simulation  provides  yet  another  method  of  ex¬ 
amining  the  effeas  of  inflow  perturbations  and  cylinder  os¬ 
cillations  on  the  wake.  This  consists  of  superimposing  an 
oscillatory  component  on  the  inflow  boundary  condition  for 
a  domain  such  as  that  shown  by  the  spearal  element  grid  in 
Fig.  4.  The  example  given  here  was  computed  at  NRL  using 
a  computer  code  similar  to  one  employed  extensively  by  Kar- 
niadakis  and  Triantafyllou  (1989,  1990).  The  grid  consists  of 
S6  spearal  elements,  each  of  order  N=6.  Results  of  the  com¬ 
putation  are  shown  in  Figs.  4,  5,  and  6,  in  which  the  lowest 
dominant  frequency  of  the  resulting  vortex  wake  is  near  half 
the  perturbation  frequency  when  a  boundary  condition  of  the 
form 

tt  =  1 .0  +  (0.8)sin(4.4T  /„  /) 

t;  =  0. 

is  enforced  at  the  inflow.  This  also  represents  an  in-line  os¬ 
cillation,  and  is  thus  expeaed  to  result  in  a  shedding  frequency 
near /=  1.1  f„  if  lock-on  occurs  at  one-half  the  penurbation 
frequency.  The  amplitude  of  the  oscillatory  component  can  be 
expressed  as 

a=0.8  =  7.03T/«„ 
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so  that  lock-on  does  occur  and  the  resulu  are  in  keeping  with 
those  shown  in  Fig.  1. 

After  an  initial  period  of  time  corresponding  to  the  quasi¬ 
steady  stage  in  the  forced  perturbed  flow  calculation,  the  re¬ 
sulting  streamwise  velocity  history  at  a  point  in  the  near  wake 
is  periodic.  The  corresponding  power  spearum  in  Fig.  S  con¬ 
tains  primary  peaks  at  /» 1.1  and  2.2  f„  as  expeaed,  and  ^ 

secondary  pealu  at  superhannonics  of  these  values.  No  ad¬ 
ditional  peaks  appear  in  the  spectrum.  The  phase  plane  plot 
corresponding  to  this  case  is  shown  in  Fig.  6,  and  with  the 
power  spearum  gives  evidence  of  lock-on  in  the  fully  developed 
flow.  Streamlines  corresponding  to  this  case  are  also  shown 
in  Fig.  4.  The  vortex  spacing  here  is  approximately  X>4.66d, 
representing  a  decrease  of  seven  percent  over  the  unforced  ^ 

value  of  X>5<f.  The  normaliaed  frequency  X/tf(//f(/^>5.13 
for  this  case.  These  values  compare  wdl  with  the  resulu  of 
experimenu  which  are  discussed  later  in  the  paper.  A  more 
extensive  discussion  of  the  spectral  element  computatioiu  of 
the  penurbed  flow  cylinder  lock-on  is  given  by  Hall  and  Griffin 
(1991). 
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Cross>Flow  Osdlbitioiis 

The  excellent  reviews  by  Saipkaya  (1979)  and  by  Bearman 
(1984)  dealt  with  cross>flow  oscillations  of  flexibly-mounted 
bluff  bodies,  bodies  which  were  free  to  oscillate,  and  those 
which  were  forced.  The  purpose  of  the  present  paper  is  to 
complement  these  works,  to  compare  with  some  pertinent  past 
results,  and  to  highlight  more  recent  developments  in  the  con¬ 
text  of  flow  control  and  modification.  The  basic  charaaer  of 
cross-flow  lock-on  due  to  forced  oscillations  can  be  represented 
by  the  measurements  of  Koopmann  (1967)  which  are  shown 
in  Fig.  7.  The  appearance  of  the  lock-on  range  is  very  similar 
overall  to  the  corresponding  cases  of  in-line  oscillations  and 


flow  perturbations  shown  in  Figs.  1  and  2.  However,  the  im¬ 
posed  oscillations  are  near  the  Strouhal  frequency  /«  rather 
than  twice  its  value. 

Many  other  effecu  of  the  cross-flow  osdUations  are  also 
similar.  For  example,  the  longitudinal  spacing  of  the  vortex 
street  adjusu  in  a  similar  manner  to  the  example  shown  earlier; 
oscillation  frequencies  less  than  /«  expand  the  vortex  street 
while  frequencies  greater  than  /«,  contract  the  pattern.  In¬ 
creasing  the  amplitude  of  oscillation  reduces  the  lateral  qiacing 
of  vortices  to  the  point  of  zero  spacing,  after  which  thm  is  a 
drastic  change  in  the  appearance  of  the  pattern  as  the  flow 
adjusu  to  preclude  the  transition  to  a  thrust-type  vortex  street. 
Three  previously  unpublished  examples  from  experimenu  at 
NRL  which  demonstrate  this  effect  are  shown  in  Fig.  8.  The 
street  behind  a  stationary  cylinder  appears  in  Fig.  8(a)  and 
shows  the  well-known  geometry  which  has  been  visualized  by 
numerous  investigators.  When  the  amplitude  of  oscillation  is 
increased  as  shown  in  Fig.  8(M,  the  lateral  spacing  is  much 
reduced.  For  still  higher  amplitudes  of  oscillation,  beyond  the 
limit  of  zero  lateral  spacing,  a  complex  asymmetric  pattern 
such  as  that  shown  in  Fig.  8(c)  emerges.  These  photopaphs 
were  taken  in  a  wind  tunnel  using  an  aerosol  as  tlm  indicator. 
This  emergence  of  the  asymmetric  pattern  also  has  been  ob¬ 
served  by  Ongoren  and  Rockwell  (1988a)  in  water,  using  hy¬ 
drogen  bubbles  as  the  flow  indicator. 

The  formation  region  of  the  vortices  as  defined  by  the  modd 
of  Cerrard  (1966)  also  varies  inversely  with  frequency  in  the 
resonance  or  lock-on  regime  (Griffin  and  Rambe^,  On¬ 
goren  and  Rockwell.  1988a),  and  is  reduced  in  length  by  in¬ 
creasing  amplitude  of  oscillation  at  any  given  constant 
frequency.  These  changes  in  the  near  wake  vorta  fornuuion 
cause  corresponding  changes  in  the  strength  or  circulation  of 
the  vortices.  Reductions  in  the  vortex  formation  length  resuh 
in  increasing  the  vortex  strength  by  as  much  as  75  percent  at 
a  Reynolds  number  of  144.  An  example  is  shown  in  Fig.  9 
where  the  nondimensional  initial  drculuion  of  the  vortices  is 
plotted  against  the  ratio  of  the  formation  length  to  the  wake 
width  at  formation.  The  basic  importance  of  the  length  scales 
to  the  near  wake  flow  physics  is  discussed  later  in  the  paper. 
This  increase  in  the  vortex  strength  is  accompanied  by  a  cor¬ 
responding  increase  in  the  rate  of  vortidty  generation  with 
amplitude  of  oscillation. 

The  base  pressure  coeffldent  Cpt  also  is  reduced  significantly 
by  the  oscillations  in  the  lock-on  or  resonance  regime  (Stansby, 
1 976).  As  an  example,  the  minimum  base  pressure  on  a  circular 
cylinder  at  resonance  was  decreased  by  33  percent  as  the  am- 
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plitude  of  oscillation  (measured  in  diameters  from  equilibrium) 
increased  from  O.ld  to  0.3d.  The  Reynolds  number  of  the 
experiment  was  Re  =  8600.  As  mentioned  earlier  herein,  Arm¬ 
strong  et  al.  (1987)  measured  comparable  decreases  in  the  base 
pressure.  However,  the  level  of  inHow  perturbations  was  much 
less  than  the  oscillation  levels  required  to  achieve  the  same 
level  of  base  pressure  modification.  As  noted  earlier,  the  latter 
reduction  in  base  pressure  was  accompanied  by  a  reduction  in 
the  length  of  the  vonex  formation  region  from  1.2d  to  0.9d. 

The  most  comprehensive  recent  study  of  cross-flow  oscil¬ 
lations  is  that  of  Ongoren  and  Rockwell  (1988a).  The  Reynolds 
number  range  of  the  experiments  was  Re  =  580  to  1300.  They 
found  that  two  fundamental  types  of  lock-on  take  place;  at  a 
frequency  of  one-half  of  the  Stouhal  frequency,  a  subharmonic 
form  of  lock-on  takes  place  whereby  the  shed  vortex  is  always 
from  one  side  of  the  body,  whereas  at  frequencies  near  the 
Strouhal  frequency  the  classical  form  of  lock-on  described 
above  takes  place  as  vortices  are  shed  alternately  from  the 
body  to  form  an  altered  Karman  vortex  street  pattern. 

It  has  been  known  for  some  time  (Bearman  and  Currie, 
1979;  Zdravkovich,  1982)  that  a  drastic  change  in  the  phase 
of  the  vortex  shedding,  relative  to  the  body  oscillations,  occurs 
in  the  vicinity  of  the  natural  shedding  frequency.  However, 
Ongoren  and  Rockwell  and,  earlier,  Bearman  and  Davies  ( 1975) 
showed  that  the  afterbody  shape  plays  an  important  role  in 
the  phase  shifting  in  that  bodies  with  a  short  or  nonexistent 
afterbody,  i.e.,  a  circular  or  triangular  cylinder,  experience  a 
large  phase  shift,  while  a  body  such  as  a  square  or  rectangular 
cylinder  with  a  relatively  large  afterbody  experiences  little  or 
no  phase  shift.  This  phase  shift  results  in  the  switch  of  the 
initially  shed  vortex  from  the  upper  to  the  lower  side  of  t.he 
cylinder  or  vice  versa.  The  presence  of  the  afterbody  appears 
to  induce  reattachment  of  the  initially  shed  vonex  and  to  reduce 
the  likelihood  of  the  phase  shifting.  This  is  yet  another  indi¬ 
cation  of  the  imponance  of  the  vonex  formation  region  and 
near-wake  flow  to  the  shedding  process. 

The  changes  in  the  vonex  formation  region  with  the  fre¬ 
quency  of  the  oscillations  are  shown  by  the  photographs  in 
Fig.  10  from  Ongoren  and  Rockwell  (1988a).  The  flow  was 
visualized  in  water  in  the  manner  described  in  the  previous 
section  of  the  paper,  and  again  the  results  are  remarkably 
similar  to  the  earlier  wind  tunnel  photographs  of  Griffin  and 
Ramberg  (1974).  All  of  the  photographs  were  taken  with  the 
cylinder  at  its  lowest  position  in  the  oscillation  cycle,  and  the 
shift  in  phase  of  the  shedding  relative  to  the  cylinder  can  be 
seen  by  comparing  the  wakes  at  /=  0.9 /„  and  /=  1 .05  /,„.  The 
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Fig.  11  Flew  iUMkaraWnii  ot  ofootnotiai  vorttx  ahedding  due  >o  re- 
tHeiieloeelHetlowetadraurarcylliidef.  LkgeedlerderapoartKO,-!; 
Re«lS,000;  (a)  SU-tU,  (6)  8t,-0.S,  (c)  St-O-T,  (d)  St,«aS;  tram  Tek- 
umani  and  Otmotafcia  (1SS1). 

substantial  decrease  in  the  length  of  the  vortex  formation  re¬ 
gion  with  frequency  of  oscillation  also  is  evident  from  the 
photographs. 

Other  effects  of  the  cross-flow  oscillations  observed  by  On¬ 
goren  and  Rockwell  included  a  large  swinging  motion  of  the 
circular  cylinder  wake  about  the  body  at  frequencies  less  than 
the  Strouhal  frequency.  This  swinging  motion  is  largest  near 
the  Strouhal  frequency  and  then  it  abruptly  disappears.  There 
is  evidence  of  some  correlation  between  the  phase  shift  in  the 
shedding  and  the  abrupt  disappearance  of  the  swinging  motion. 
The  swinging  motion  docs  not  appear  in  the  case  of  bodies 
with  fixed  separation  points.  There  were  numerous  complex 
wake  patterns  observed  at  other  frequencies.  For  instance, 
small-scale  vortices  were  shed  at  superharmonic  frequencies 
of  n  =  2,  3,  4,  and  higher  nonharmonic  frequencies,  and  the 
downstream  wake  eventually  recovered  to  a  lock-on  and  altered 
asymmetric  pattern  similar  in  form  to  the  classical  Karman 
vonex  pattern.  However,  the  altered  pattern  departed  sub¬ 
stantially  from  the  classical  Karman  street,  with  the  frequency 
taking  the  values  /.=///>.  An  interesting  aspect  of  the  paper 
by  Ongoren  and  Rockwell  is  the  number  of  historical  refer¬ 
ences,  e.g.,  Meier-Windhorst  (1939). 

Rotational  Oscillations 

Vonex  lock-on  and  control  of  the  near-wake  flow  also  can 
be  realized  with  small  rotational  oscillations  of  a  circular  cyl¬ 
inder.  There  are  very  few  studies  of  this  aspea  of  the  problem, 
the  most  recent  being  those  of  Tokumaru  and  Dimotakis  (1991) 
and  of  Filler  et  al.  (1991).  An  imponant  distinaion  between 
the  two  studies  is  that  in  the  experiments  of  Tokumaru  and 
Dimotakis  the  maximum  rotational  velocity  of  the  cylinder 
was  on  the  order  of  the  velocity  outside  the  boundary  layer  at 
separation  (approximately  I AU),  whereas  in  the  experiments 
of  Filler  et  al.  the  maximum  rotational  velocity  of  the  cylinder 
was  only  0.03  (/.  These  studies  seem  to  show,  however,  that 
the  range  of  lock-on  frequencies,  though  still  probably  am¬ 
plitude-dependent,  is  much  reduced  from  what  has  bem  ob¬ 
served  for  imposed  oscillations  and  flow  perturbations  as 
discussed  earlier.  There  are  essentially  two  types  of  forcing 
which  can  be  introduced  by  rotational  oscillations.  The  first 
is  the  classical  form  of  lock-on  or  resonance  which  takes  place 

DECEMBER  1991,  Vol.  113/531 


ng.  12  At 

tto-milMtrthi 

•taLflMl) 


when  the  osoUations  are  near  the  Karman  vortex  shedding 
frequency.  When  the  Reynolds  number  is  greater  than  about 
Re  K  500,  oscillations  of  higher  frequency  also  can  excite  the 
Bloor-Gerrard  (Bkwr,  1964)  frequency  of  instabil^  in  the 
shear  layers  separatiiig  from  the  cylinte.  This  excitation  of 
the  B-G  instabilities  is  likely  to  be  caused  by  inflow  pertur¬ 
bations  and  other  types  of  imposed  body  oscillations  u  well. 

A  series  of  photographs  of  vortex  lock-on  at  increasing  val¬ 
ues  of  the  oscillation  Strouhal  number  St/  are  shown  in  Fig. 
11.  The  oscillation  parameter  0| «  V|/f/.  where  v  is  the  peak 
circumferential  velocity,  was  kept  fixed  during  the  sequeoK 
of  conditions  shown  in  this  figure,  from  Tokumaru  and  Di- 
moukis  (1991).  The  experimenu  were  performed  in  a  CalTech 
water  chiuinel  at  a  Rejmolds  number  of  Re  ),0(X>,  and  the 
flow  was  visualized  by  introducing  a  mixture  of  colored  food 
dye  into  the  water  upstream  of  the  cylinder.  The  dye  mixture 
was  made  neutrally  buoyant  by  diluting  it  with  ethyl  alcohol 
(P.E.  Dimotakis,  private  communication).  In  all  of  the  cases 
shown  the  vortex  shedding  is  locked-on  in  the  classical  manner 
with  the  imposed  rotational  oscillations.  When  the  oscillation 
Strouhal  number  was  increased  to  St/s  1.5,  the  wake  forcing 
went  through  a  transition  to  the  Bloor-Oerrard  shear  layer 
forcing.  For  a  fixed  value  of  oscillation  Strouhal  number  of 
St/o  1,  the  transition  to  shear  layer  forcing  takes  place  at  an 
oscillation  parameter  of  approximately  0*  16. 

A  plot  of  the  velocity  u'  in  the  wake  from  Filler  et  al.  (1991) 
as  a  function  of  the  oscillation  Strouhal  number  St/ is  shown 
in  Fig.  12.  Here  the  oscillation  parameter  Qi  «W|d/2C/,  where 
ui  is  the  frequency  of  the  rotational  oscillations.  At  the  lower 
frequencies  near  the  usual  Karman  shedding  frequency  a  large 
resonant  p<ak  is  seen  when  the  oscillations  are  in  that  range. 
However,  at  the  higher  imposed  frequencies  there  is  a  sec¬ 
ondary  broad  peak  in  the  range  of  the  shear  layer  insubility 
frequencies.  In  the  Karman  frequency  range  of  vortex  shedding 
the  wake  behaves  like  a  nonlinear  oscillator  near  resonance. 
This  bduivior  is  well  known  (Bishop  and  Hassan,  1964;  Bear- 
man,  1984)  and  has  been  explored  by  numerous  investigators 
for  the  gaiuet  of  cross-flow  and  in-line  oscillations.  The  forced 
Bloor-Gerrard  shear  layer  insubilities  are  simply  convected 
downstream  in  the  near  wake.  An  imponant  finding  by  Tok¬ 
umaru  and  Dimotakis  (1991)  is  that  active  control  of  the  nestr- 
wake  vortex  formation  and  flow  physics  by  rotational  oscil¬ 
lations  of  the  cylinder  can  reduce  the  drag  on  the  cylinder  by 
as  much  as  a  faaor  of  six!  This  decrease  in  the  drag  coefficient 
Co  is  accompanied  by  a  comparable  deaease  in  the  wake 
displacement  thickness  6*  (a  factor  of  five)  as  defined  by  an 
integral  of  the  cross-stream  wake  velocity  distribution  over  the 
height  of  the  channel. 

There  are  very  few  studies  of  rotational  oscillations  on  wake 
flow  control  and  vortex  resonance  or  lock-on.  Examples  from 
the  two  most  recent  have  been  given  here.  For  earlier  examples 
the  reader  should  refer  to  the  work  of  Okajima  et  al.  (1^5) 
and  of  Taneda  (1978).  This  is  a  new  and  potentially  exciting 
approach  to  the  active  control  of  vortex  formation  and  bluff 
body  wake  flows. 
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The  Eftccti  of  SoMBd 

The  appiiratinn  of  an  iqipropriate  sound  Add  to  the  flow 
about  a  rigid  cylinder  can  induce  vortex  lock-on  and  resonance 

in  the  wake.  There  are  even  fewer  reported  studies  of  the  effect 
of  sound  than  of  rotatioaal  oscillations,  the  principal  example 

of  the  former  being  that  of  Blevins  (1985).  The  only  other 
directly  related  work  is  that  of  Okamoto  et  al.  (1981).  Aj  noted 
by  Blevins,  the  effea  on  the  vortex  shedding  of  an  acoustic 
wave  propagating  along  the  axis  of  a  drcular  cylinder  was 
by  the  latter.  Only  a  minor  influence  was  observed 
for  sound  excitation  levels  above  20  Pa. 

The  experimenu  performed  by  Blevins  were  at  Reynolds 
numbers  in  the  range  Re-20.000  to  40.000  in  a  wind  tunnel 
that  allowed  a  transverse  sou^  field  to  be  appliad  such  that 
the  cylinder  was  located  at  the  node  of  the  acoustic  pressure 
field.  This  is  the  point  of  induced  velocity  due  to 

the  sound.  It  was  observed  by  Blevins  that  the  vortex  lock-on 
was  induced  by  the  vdodty  rather  than  the  pressure. 

An  example  of  the  resulu  reported  by  Blevins  (1985)  is  shown 

in  Fig.  13.  The  frequency  of  the  vortex  shedding  was/,-  392 
Hz,  and  the  frequency  of  the  applied  sound  field  was  /-  380 
Hz.  Thus  the  hxk-on  occurred  at  a  frequency  lem  than  the 
Strouhal  frequency.  The  average  spectral  output  from  a  flush- 
mounted  hot-film  probe  mounted  on  the  cylinder  it  plotted 
for  the  three  test  runs.  The  spectrum  labeled  1  shows  the  typi^ 
averaged  spectrum  for  a  rig^  cylinder  in  a  uniform  flow,  vrith 
the  broad  peak  in  this  case  centered  at  the  vortex  shedding 
frequency  of  392  Hz.  When  a  100  Pa  sound  field  u  afvlied 
two  peaks  are  present — a  sharp  peak  at  380  Hz  induced  by  the 
appUed  sound,  and  a  broader  reduced  and  shifted  peak  due 
to  vortex  shedding.  An  increase  in  the  applied  sound  field  to 

250  Pa  produces  a  typical  lock-on  spectrum  with  a  single  sharp 

peak  at  the  frequency  of  the  sound.  The  lock-on  frequency 
here  is  less  than  the  Strouhal  frequency,  and  it  was  observed 
by  Blevins  that  the  induced  resonance  always  em  stronger  at 
the  reduced  frequencies  as  compared  to  frequencies  higher  than 
the  Strouhal  frequency.  The  sound  field  and  the  vortex  sha¬ 
ding  were  phase  locked  over  a  range  of  phase  angles  which 
varies  nearly  linearly  with  the  applied  sound  frequency. 

An  additional  observation  by  Blevins  (1985)  was  that  tur¬ 
bulence  in  the  free  stream  suppressed  the  influence  of  sound 
on  the  vortex  shedding.  The  results  suggest  that  the  induced 
sound  field  velocity  must  exceed  the  turbulence  varies  in 
order  for  the  sound  to  influence  the  vortex  shedding.  Also, 
the  introduction  of  sound  substantially  increased  the  coherenra 
of  the  vortex  shedding  along  the  span  of  t^  cylinder  as  is 
usually  found  when  a  circular  cylinder  is  oscillated. 


The  Neur*Wakc  Flow  FkM 
There  is  a  physical  dependence  between  the  wake  width  d' 
at  the  end  of  the  vortex  formation  region  of  a  bluff  body  and 
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Symbol 

Bluff  body  type 

Method 

Investigators 

» 

Half  cylinder 
(D-seciion) 

Wind  tunnd  erpenmem 

Armstrong  et  al. 
(1986.  1987) 

Flat  plate 

Wind  tunnel  experiment 

Armstroog  et  al. 
(1986,  1987) 

• 

Circular  cytinder 

Wind  tunnel  experiment 

Armstrong  et  al. 
(1986,  1987) 

• 

Circular  cylinder 

Wind  tunnel  experimesu 

Barbi  et  al. 
(1986) 

BOB 

Wide  splitter  plate 
(D-section) 

Grinstein  et  al. 
(1991) 

Hydrofoil 

Wind  tunnel  experiment 

Blake  et  al. 
(1977) 

+ 

D-section  cylinder 

Wind  tunnel  experiment 

Simmons  (1973) 

V-  V 

D-section  cylinder  with 
and  w/o  spUner  plau 

Wind  tunnel  experiment 

Bearman  (1963) 

diUens  givan  In  QriMn  (198t>. 

the  base  pressure  coeffident  -  Cp*  or  the  related  velodty  ratio 
K.  As  discussed  earlier,  these  are  important  characteristic  phys¬ 
ical  parameters  of  the  bluff  body  wake.  In  general,  the  bluff¬ 
ness  of  a  given  body  shape  is  represented  by  a  wider  wake, 
and  corresponding  lower  base  pressure  or  higher  velodty  ratio. 
For  a  cylinder  vibrating  normal  to  the  inddent  flow,  the  var¬ 
iation  of  both  the  measured  base  pressure  and  wake  width  with 
the  frequency  ratio  f/f„  over  the  lock-on  regime  show  the 
same  resonant  behavior  (Griffln,  1989).  Both  -Cp»  and  d' 
increase  to  a  maximum  value  and  then  gradually  decrease  as 
the  upper  limit  of  the  lock-on  range  of  frequendes  is  reached. 
Only  the  base  pressure  variation  was  measured  by  Armstrong 
et  al.,  but  the  wake  width  can  be  estimated  as  a  funaion  of 
U/SuAt  using  the  wake  simiUtude  relationships  summarized 
earlier  in  the  paper  and  measured  values  of  St  and  (or  K). 
For  the  range  of  Reynolds  numbers  corresponding  to  the  ex¬ 
periments  of  Armstrong  et  al.,  the  wake  Strouhal  number  St* 
is  essentially  constant  at  a  value  of  0.16,  so  that 

rf'/d=.(St*/St)A 

from  Eq.  (4a). 

The  wake  widths  for  several  cylinders  and  flow  conditions 
are  plotted  as  a  function  of  K  in  Fig.  14.  The  legend  for  the 
data  in  the  figure  is  given  in  Table  1.  This  range  of  the  base 


pressure  parameter  or  separation  vdodty  ratio  K  representt 
the  entire  regime  over  which  vortex  shedding  takes  pl^  over 
bluff  bodies,  whether  the  shedding  is  natural  or  unfmeed,  or 
the  shedding  is  controlled  or  modified  by  some  means  such  as 
oscillations,  in-flow  perturbations,  sound,  and  wake  sidiner 
plates.  The  shaded  area  represents  a  host  of  results  for  oscil¬ 
lating  circular  cylinders,  D-secdon  cylinders,  and  flat  plates 
under  a  wide  variety  of  conditions  (Griffln,  1989).  There  is 
generally  good  agreement  between  the  new  perturbed  and  steady 
flow  resulu  and  the  earlier  dau,  except  for  the  two  circular 
cylinder  results  from  Armstrong  et  al.  which  are  displaced  to 
the  right  of  the  overall  trend  of  the  dau  set.  This  departure 
from  the  overall  trend  of  the  results  is  due  to  the  much  ^uced 
base  pressure  measured  on  the  circular  cylinder  in  those  ex- 
poiments,  as  previously  mentioned.  In  the  experiments  of 
Armstrong  et  al.  the  circular  cylinder  and  flat  plau  base  pres¬ 
sures  were  virtually  the  same  under  otherwise  unvarying  con¬ 
ditions  of  blockage,  inddent  flow,  axial  uniformity,  etc.  One 
might  expect  the  base  pressure  coeffident  for  a  circular  cylinder 
at  the  Reynolds  numbers  studied  to  be  closer  to  the  values  of 
Cp^=  - 1  to  1.1  measured  by  Barb)  et  al.  and  others  at  the 
same  Reynolds  numbers. 

The  wake  widths  for  flow  over  a  D-section  cylinder  com¬ 
puted  by  Grinstein  et  al.  (1990,  1991)  are  also  plotted  in  Fig. 
14.  The  results  shown  represent  a  two-dimensional  compuu- 
tion  using  the  flux-corrected  transport  (FCT)  algorithm,  but 
comparable  results  were  obtained  with  companion  three-di¬ 
mensional  computations  described  by  Grinstdn  et  al.  (1990). 
These  computations  were  made  for  compressible  flows  with 
freestream  Mach  numbers  in  the  range  0.3  to  0.6  at  standard 
tonperature  and  pressure  conditions.  However,  for  these  Mach 
numbers  compressibility  effects  are  relatively  small  and  rea¬ 
sonable  comparisons  can  be  made  with  incompressible  flow 
experiments.  The  wake  widths  plotted  in  Fig.  14  were  obtained 
directly  from  computed  contour  plots  of  rms  velocity  u'  at 
the  end  of  the  vortex  formation  region.  The  results  shown 
represent  flow  over  the  body  both  with  and  without  a  splitter 
plate  attached  and  they  agree  remarkably  well  with  the  ex¬ 
perimental  results  of  Blade  et  al.  (1977),  Simmons  (197S)  and 
Bearman  (1963).  The  D-section  bluff  body  results  overall  rep¬ 
resent  the  lowest  regime  of  K  which  has  been  observed  thus 
far. 

A  comprehensive  experimental  study  of  the  effects  of  wake 
splitter  plates  on  vortex  shedding  from  a  circular  cylinder  was 
made  recently  by  Unal  and  Rockwell  (1988b).  The  experiments 
were  conducted  in  the  Reynolds  number  range  Re*  140  to 
5000,  and  the  primary  objective  was  to  study  the  effects  of  the 
passive  wake  interference  on  the  formation  region  of  the  vor¬ 
tices.  An  unusual  aspect  of  these  experiments  was  the  ratio  of 
the  plate  thickness  fi  to  the  cylinder  diameter  d,  wliich  was 
approximately  O.S.  Also,  the  plate  length  was  approximately 
lp*24d  cylinder  diameters,  in  contrast  to  the  splitter  plate 


Journal  of  RuMa  Enginaaring 


DECEMBER  1991,  Vol.  113 1 533 


TaMc2  La 

MftadlBd 

vortex  sane 

iagorwavi 

ikagth  la  the  Beat 

wake  of  ad 
fona  flow 

realarcylia 

darviheada 

igMiaew 

ith  aa  iacUam  aai 

VibratioB 

Frequency 

Vonex 

Relative 

Vonex 

frequency. 

ratio. 

SSAQBia 

/(Hz) 

///-  X/d 

Reynotds  iwisaber 

4X/X 

>190 

1/2/X/U 

69.2 

1.88 

5.2 

+  Oj07 

0.94 

73.6 

2.00 

4.9 

0 

0.93 

75.6 

2.06 

4.7 

-0.05 

0.91 

78.9 

2.14 

4.7 

-0.04 

0.96 

80.4 

2.18 

4.4 

-0.09 

0.92 

Averaae-0.93 

(b) 

Flfl.lS  (j) hwUniawom tiwiiillii—  rt Ite ■  lOPtar niuwi 
(b)  towtantwiMM  •mmuMnw  •!  ftoa  100  and  wBaywalia  taraing  at  Ma 
axatadon  liaqiianey,  I,m0.nt,  (a  loafc-in  aiatak  Iram  Kandadaida  and 
TitantalyHaw  (1000K 


geometries  discussed  above.  The  leading  edge  of  the  plate  had 
a  tapered  and  sharply  pointed  conflguration. 

These  experimenu  yielded  several  important  conclusions  and 
reinforced  those  previously  reached  by  other  investigators.  The 
first  is  a  reiteration  of  the  importance  of  the  dynamics  of  the 
formation  region  to  the  overidl  near-wake  How  and  the  pos¬ 
sibility  of  control  and  modification  of  the  vonex  wake.  Second, 
the  wake  formation  is  dominated  by  an  absolute  insubUity 
and  there  is  a  close  relation  between  the  vonex  formation 
process  and  the  dynamics  of  the  near-wake  Kannan  vonex 
street.  Other  conclusions  are  the  importance  of  Reynolds  num¬ 
ber  to  the  wake  formation,  at  least  over  the  range  examined, 
but  that  no  locking-on  or  vonex  resonance  occurs  in  the  pres¬ 
ence  of  the  passive  wake  interference.  Nonetheless,  the  rmlts 
of  these  and  the  other  experimenu  and  computations  discuued 
here  have  demonstrated  the  potential  importance  of  both  pas¬ 
sive  and  active  control  to  the  flow  physics  of  bluff  body  wakes. 

The  downstream  vortex  spacing  or  wavelength  is  a  valuable 
and  important  diagnostic  parameter  for  the  state  of  the  spatial 
strunure  and  devdopment  of  the  near-wake.  Measuremenu 
of  the  spacing  for  a  variety  of  in-line  and  cross-flow  oscilla¬ 
tions,  and  also  for  the  unforced  wakes  of  stationary  cylinders 
were  reported  originally  by  Griffin  and  Ramberg  (1^6).  These 
can  be  compared  to  the  direct  numerical  simulations  of  Kar- 
niadakis  and  Triantafyllou  (1989)  and  our  recent  NRL  simu¬ 
lations  (Mali  and  Griffin,  1992).  The  vortex  spacing  or 
longitudinal  wavelength  can  be  employed  as  a  measure  of  the 
spatial  state  of  the  flow  as  compared  to  phase  plane  diagrams 


of  the  streamwise  and  cross  stream  compmieius  of  the  wake 
vdodty  fluctuations  adiich  can  be  employed  comparably  to 
assess  the  tempmal  state  of  the  near-wake. 

kntn  Triantafyilrtii 

in  Fig.  IS.  The  upper  instantaneous  streamline  pattern  cor¬ 
responds  to  the  imforced  wake  at  Re>  100  while  the  lower 
pattern  corresponds  to  a  wake  forced  by  a  «p******y 
acceleration  sriiich  varied  with  time  in  the  near-w^  vortex 
formation  region  with  normalized  amplitude  and  frcqnency, 
respectiv^,  of  A  >0.10  and  ///woO.TS,  and  which  decay^ 
exponentially  in  the  far  Held.  The  center  of  the  disturbance 
was  located  at  x>2.  >>0,  measured  in  multiples  of  cylinder 
diameter.  This  is  a  unique  form  of  control  diimbanoe  which 
had  not  been  investigated  in  any  previous  work.  For  the  un¬ 
forced  wake  Xs  5</ and  for  the  forced  wake  X«  7<f,  an  increase 
of  forty  percent.  A  similar  example  from  the  NRL  perturbed 
flow  computations  is  given  in  Fig.  6. 

Comparable  measuremenu  were  made  at  Re  >  l90byGriffln 
and  Ramberg  (1976).  The  resulu  are  summarized  in  Table  2. 
The  cylinder  oscillations  were  in-line  with  the  flow  over  a  range 
of  frequencies  near  twice  the  Strouhal  frequency  (as  in  Fig.  1) 
and,  for  the  cases  shown,  a  un^  vortex  was  shed  during  each 
oscillation  cycle.  Thus  this  basic  forced  wake  pattern  shared 
many  of  the  same  overall  features  of  the  wake  forced  with  the 
cross-flow  oscillations.  The  measured  changes  in  the  forced 
wake  vonex  spacing  correspond  directly  with  those  from  the 
direa  numerical  simulations;  for  /<2/«  the  wavelength  is 
increased  while  for/>  the  wavelength  is  decreased  u  shown 
in  Table  2.  Extrapolating  the  measured  resulu  in  the  table  to 
the  case  shown  in  Fig.  15  using  a  least-squares  straight  line 
given  by  Griffin  and  Ramberg  (1976),  the  vonex  spacing  is 
\*6.2d.  This  compares  reasonably  well  with  the  computed 
resulu  of  X«7</.  The  measured  vortex  spacing  for  the  sta¬ 
tionary  cylittder  at  Re~  190  (X>‘4.9(f)  is  vinually  identical  to 
the  computed  value  at  Re  >  100  (X>5</). 

The  vortex  street  wavelengths  computed  by  Kamiadakis  and 
Triantafyllou  and  more  recently  at  NRL  are  compared  further 
with  measured  street  wavelengths  for  both  forced  and  unforced 
conditions  in  the  range  of  Reynolds  numbers  from  100  to  2000 
in  Fig.  16.  The  compuutions  fit  wdl  with  the  overall  trend  of 
the  measured  dau,  which  show  only  a  very  slight  dependence 
on  Reynolds  number  in  this  range.  The  vertical  scale  in  the 
figure  essentially  is  a  normalized  form  of  the  convection  speed 
of  the  vortices,  or  the  downstream  speed  of  the  vortex  cores. 
The  constant  phase  or  convection  sp^  is  representative  of  a 
non-dispersive  physical  system. 

Several  measuremenu  of  the  vortex  phase  or  convection 
speed,  i.e.,  the  speed  at  which  the  vortex  cores  travel  down¬ 
stream,  are  given  in  Table  2.  Though  there  is  some  scatter,  the 
data  generally  are  grouped  around  the  average  value  of 
0.93(/.  This  gives  some  evidence  that  both  forced  and 
unforced  or  natural  periodic  vortex  wakes  have  the  same  bask 
non-dispersive  properties. 

The  experimenu  of  Tokumaru  and  Dimotakis  (1991)  also 
included  measuremenu  of  the  vonex  street  wavelength  X  over 
a  wide  range  of  the  oscillation  Suouhal  number  St/>/<f/C/. 
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For  the  observed  range  of  lock-on  where  St/=0.3  to  1.0,  the 
geometry  of  the  vortex  street  adjusted  in  terms  of  the  wave¬ 
length  X  and  the  frequency  /  to  form  yet  again  an  essentially 
non-dispersive  street  pattern,  though  there  is  some  slight  scatter 
in  the  measurements.  The  lateral  spacing  of  the  near-wake 
vortex  street  also  decreased  with  increasing  St/  over  this  lock- 
on  range.  The  Reynolds  number  for  these  experiments  was 
Re  =15,000,  and  some  complementary  smooth  cylinder  ex¬ 
periments  were  conduaed  at  a  lower  Reynolds  number  of 
Re  =  3,300  and  with  surface  roughness  added  to  the  cylinder 
at  the  higher  Reynolds  number.  The  results  were  similar  in 
both  cases.  These  observations  for  the  case  of  active  control 
with  rotational  oscillations  confirm  and  extend  tne  conclusions 
drawn  earlier  for  both  forced  and  unforced  wakes. 

Near-Wake  Flow  Stability 

The  introduaion  of  the  absolute/convective  theory  of  fluid 
dynamic  stability  has  led  to  a  promising  new  approach  and  a 
new  theoretical  framework  for  understanding  the  physics  of 
vortex  formation  and  near-wake  flow  development  (Koch. 
1985;  Triantafyllou  et  al.,  1986, 1987;  Monkewitz  and  Nguyen, 
1987;  Rockwell,  1987;  Chomaz  et  al.,  1988;  Unal  and  Rock¬ 
well,  1988a,  b;  Ongoren  and  Rockwell,  1988a,  b;  Kamiadakis 
and  Triantafyllou,  1989;  Oertel,  1990;  Huerre  and  Monkewitz, 
1990;  Rockwell,  1990).  A  flow  is  said  to  be  absolutely  unstable 
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when  an  initial  infinitesimally  small  disturbance  grows  expo¬ 
nentially  in  place  at  the  location  where  it  is  introduced.  In  the 
case  of  a  convective  instability  the  initially  small  disturbance 
is  transported  or  conveaed  away  from  the  point  of  its  intro¬ 
duction,  leaving  behind  an  undisturbed  regkm  of  flow.  Qsomaz 
et  al.  (1988)  have  introduced  the  term  g/oda/  instabUity.  They 
note  that  the  existence  of  a  local  absolute  instability  is  only  a 
necessary,  but  not  sufficient,  condition  for  the  existence  of  a 
global  insubility  in  a  shear  flow,  and  that  the  localized  region 
of  absolute  insubility  must  physically  grow  to  a  large  size  to 
become  globally  unsubk. 

Recent  subility  calculations  based  upon  computed  and 
measured  mean  velocities  in  the  wakes  of  stationary  circular 
cylinders  suggest  that  the  vortex  formation  region  is  absolutely 
unstable  whik  the  fully-formed  vonex  street  is  convectively 
unsubk.  The  vortex  formation  region  is  thought  to  be  a  com¬ 
plex  global  region  of  upstream  and  downstream  propagating 
vortidty  waves,  self-exdution  of  the  flow,  and  mo^  cmn- 
petition  and  interaction  (Rockwell,  1990).  This  region  of  sdf- 
exdted  oscillations  and  flow  resonance  pkys  an  important  rok 
in  frequency  selection,  and  thus  in  programming  and  control 
of  the  flow  separation  and  the  overall  uiuteady  flow.  More 
extensive  subility  calculations  of  this  nature  may  also  lead  to 
better  understanding  of  bluff  body  wakes,  and  their  active 
control  and  modification  by  any  of  the  means  discussed  here. 
A  better  understanding  of  passive  wake  control  and  modifi¬ 
cation,  e.g..  by  splitter  plates  and  base  bleed,  may  be  achieved 
in  the  same  maimer.  The  most  recent  and  comprehensive  dis¬ 
cussions  of  absolute/convective  and  local/global  instabilities 
for  spatially  developing  shear  flows,  including  bluff  body 
wakes,  are  given  by  Huerre  and  Monkewiu  (1990),  Oertel 
(1990),  and  Rockwell  (1990). 

Ka^adakis  and  Trianufyllou  (1989)  conduaed  a  linear 
stability  analysis  of  the  time-averaged  flow  in  the  near-wake 
which  was  derived  from  their  direa  numerical  simulation  of 
the  cylinder  wake  at  Re*  100.  The  flow  was  assumed  to  be 
locally  parallel  and  slowly  varying  in  the  downstream  direction. 
The  averaged  flow  was  found  to  be  absolutely  unsubk  for 
approximately  2.5  diamners  downstream  from  the  cylinder. 
This  corresponds  generally  to  the  length  scale  of  the  vortex 
formation  region  at  subcritical  Reynolds  numbers  below  10* 
(Bloor  and  Ckrrard,  1966),  a  wide  range  of  Reynolds  numbers. 
At  greater  downstream  distances  the  flow  is  convectively  un¬ 
subk.  Thus  the  continuous  formation  of  the  vortex  strea  is 
thought  to  be  sustained  by  the  near-wake  absolute  instability. 
Good  global  agreement  was  found  between  the  stability  anal¬ 
ysis  and  the  compuution  in  that  the  Strouhal  number  was 
St  *0.179  in  both  cases.  This  is  slightly  higher  than  most  ex¬ 
periments  (Roshko,  1954;  Williamson,  1988),  which  may  be 
due  partly  to  finite  grid  size  and  the  extent  of  the  computational 
domain,  and  to  the  three-dimensional  effeas  which  invariably 
exist  in  a  cylinder  wake.  Williamson  (1988)  has  shown  the 
importance  of  the  spanwise  variation  of  the  cylinder  wake  flow. 

Summary  and  Concluding  Remarks 

Previous  observations  of  vortex  resonance  or  lock-on  for 
bluff  body  near-wakes  which  have  been  accumulated  by  nu¬ 
merous  researchers  over  the  years  now  have  been  extended  to 
several  additional  types  of  imposed  disturbances  of  both  fun¬ 
damental  and  praaical  importance— a  bluff  body  in  a  per¬ 
turbed  incident  flow  consisting  of  a  mean  flow  with  a  periodic 
component  superimposed  upon  it,  rotational  oscillations  of 
the  body,  and  sound.  And  the  first  of  these  cases  has  been 
shown  to  be  fundamentally  identical,  under  appropriate  con- 
ditioiu,  to  the  lock-on  or  vortex  resonance  of  a  cylinder  os¬ 
cillating  in  line  with  an  incident  uniform  flow. The  vortex  lock- 
on  results  from  the  periodic  flow  exhibit  a  panicularly  strong 
form  of  resonance,  with  a  relative  perturbation  amplitude  of 
2A(//wZ7*  0.014  resulting  in  a  reduaion  in  base  pressure  from 

DECEMBER  1991,  Vol.  113  f  535 


Cg^*  - 1.44  to  -  1.8S,  or  22  percent,  for  a  circular  cylinder 
(Armstrong  et  al.,  1986,  1987).  For  a  circular  cylinder  oscil¬ 
lating  in  CTOss-flow,  as  noted  earlier,  a  peak-to-p^  vibration 
amplitude  of  2e/d>0.20  to  0.30  is  required  to  provide  a  com¬ 
parable  reduction  in  Cp*  (Stansby,  1976).  Conditionally-av¬ 
eraged  wake  velocity  measurements  by  Armstrong  et  al.  (1987) 
have  indicated  that  the  strength  of  the  vortices  was  inaeascd 
by  29  percent  and  the  spacing  was  decreased  by  25  percent  for 
the  largest  perturbation  levels  of  their  experiments. 

These  are  quite  remarkable  modifications  of  the  near-wake 
flow  for  such  a  relatively  small  perturbation  amplitude.  Thus, 
seemingly  small  pemirt^ons  of  the  basic  wake  flow  can  pro¬ 
duce  large  changes  in  vonex  strength,  base  pressure  and  drag 
on  a  bluff  circular  cylinder  or  other  cross-section.  Modification 
and  control  of  the  bask  formation  or  instability  mechanisms 
of  the  wake  thus  can  provide  a  means  for  making  substantial 
changes  in  the  near-wake  vortex  pattern,  and  possibly  even  the 
middle-  and  far-wake  patterns  as  well  (Cimbala  et  al..  1988. 
Browne  et  al.,  1989). 

Kamiadakis  and  Triantafyllou  (1989)  have  characterized  the 
state  of  both  the  forced  and  unforced  vortex  vrakes  by  means 
of  a  sute  diagram  as  sketched  in  Fig.  17.  At  a  small  but  flnite 
amplitude  the  transitions  corresponding  to  the  upper  and  lower 
limits  of  the  lock-on  are  given  by  two  bounding  frequencies: 
within  these  limiu  only  periodic  lock-on  states  exist.  Two  quasi- 
periodic  regions  are  thought  to  develop  at  frequencies  well 
above  and  below  the  lock-on  regime,  together  with  chaotic 
states  in  narrow  regions  immediately  adjacent  to  the  lock-on 
boundaries.  These  are  conceptually  similar  in  overall  appear¬ 
ance  to  the  vortex  resonance  or  lock-on  measurements  of 
Koopmann  (1967)  for  cross-flow  oscillations  of  a  cylinder, 
reproduced  here  in  Fg.  7,  and  for  the  in-line  flow  perturbations 
and  cylinder  oscillations  shown  in  Figs.  1  and  2. 

As  the  threshold  amplitude  a,  is  approached,  these  flnite 
regions  shrink  to  a  sin^  frequency  /,.  For  cross  flow  oscil¬ 
lations  of  the  cylinder  while  for  in-line  oscillations  of 
the  body  and  periodic  perturbations  of  the  mean  flow  /«  2/« 
as  shown  in  Fig.  2.  The  small  amplitude  perturbations  inuo- 
duced  by  Armstrong  et  al.  (1986.  1987)  correspond  qualiu- 
tively  to  those  discussed  by  Kamiadakis  and  Triantafyllou. 
The  relatively  large  amplitude  cylinder  osdilations  and  flow 
penurbations  investigated  by  Koopmann  (1967),  Griffin  and 
Ramberg  (1974,  1976)  and  Barbi  et  al.  (1986)  and  shown  in 
Figs.  1  and  7  introduce  nonlinearities  and  complex  changes  in 
the  near-wake  flow  field  as  shown  by  the  flow  visualization 
studies  of  Griffin  and  Ramberg  (1974,  1976),  Williamson  and 
Rashko  (1988),  and  Ongoren  and  Rockwell  (1988a,  b).  At  the 
largest  amplitudes  of  oscillation,  highly  complex  vortex  flow 
patterns  were  observed;  and  a  more  extensive  kaleidoscope  of 
complex  vortex  patterns  over  an  even  wider  range  of  frequen¬ 
cies  and  amplitudes  was  observed  experimentally  by  William¬ 
son  and  Roshko  (1988). 

Further  research  based  ujmn  these  new  analytical  and  com¬ 
putational  approaches  described  herein  is  likely  to  lead  to  new 
and  more  complete  fundamental  understanding  of  the  near¬ 
wake  vortex  dynamics  and  vortex  lock-on,  which  until  now 
have  been  studied  mostly  by  using  the  more  traditional  mod- 
deling  approaches  combined  with  experiments.  The  results  dis¬ 
cussed  in  this  paper  suggest  that  m^ification  and  control  of 
the  basic  instability  or  formation  mechanisms  of  the  wake  by 
imposed  oscillations,  i.e.,  cross-flow,  in-line  and  rotational, 
incident  flow  perturbations,  and  an  imposed  sound  field  pro¬ 
vide  a  means  for  making  substantial  alterations  to  the  near¬ 
wake  vortex  pattern,  and  possibly  to  the  middle-  and  far-wake 
flow  patterns  as  well  which  exist  relatively  far  downstream 
from  the  wake-generating  body. 
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Vortex  Shedding  and  Lock-On  in  a 
Perturbed  Row 

Vortex  shedding  resonance  or  lock-on  is  observed  when  a  bhiff  body  is  placed  in 
an  incident  mean  flow  with  a  superimposed  periodic  component.  Direct  numerical 
emulations  of  this  flow  at  a  Reynolds  number  of  200  are  compared  here  with 
experiments  that  have  been  conducted  by  several  investigators.  The  bounds  of  the 
lock-on  or  resonance  flow  regimes  /or  the  computations  and  experiments  are  in 
good  agreement.  The  computed  end  measured  vortex  street  wavelengths  also  are  in 
good  agreement  with  experiments  at  ReytuMs  mimbers  from  100  to  2000.  Com¬ 
parison  of  these  computations  with  experiments  shows  that  both  natural,  or  un- 
f tweed,  and  forced  vortex  street  wakes  are  nondi^rersive  in  their  wave-tike  behavior. 
Recent  active  control  experiments  with  rotational  oscillations  of  a  circular  cylinder 
find  this  same  nondispmive  behavior  ouer  a  three-fold  range  of  frequencies  at 
Reynolds  numbers  up  to  15,000.  The  vortex  shedding  and  lock-on  resulting  from 
the  introduction  of  a  periodic  inflow  component  upon  the  mean  flow  exhibit  a 
particuiariy  strong  resonance  between  the  imposed  perturbations  and  the  vortices. 


Introduction 

Vortex  streets  are  formed  in  the  wakes  of  circular  cylinders 
and  other  bluff,  or  unstreamlined,  bodies  over  a  wide  range 
of  Reynolds  numbers  from  approximately  50  to  10*  and  even 
higher.  The  physics  of  vortex  street  formation  has  been  the 
focal  point  for  many  past  experimental  studies,  e.g.,  Roshko 
(1954,  1955),  Gerrard  (1966),  Bearman  (1965,  1967),  Griffm 
and  Ramberg  (1974)  and,  more  recently,  Ongoren  and  Rock¬ 
well  (1988a,  b),  and  Williamson  and  Roshko  (1988),  because 
of  the  importance  of  the  near-wake  flow  to  the  eventual  ev¬ 
olution  of  the  overaU  middle  and  far-wake  vortex  patterns. 
Modem  high-speed  computers  and  direct  numerical  simulation 
techniques  have  allowed  the  vortex  formation  and  modification 
processes  to  be  studied  numerically  at  high  resolution  (Kar- 
niadakis  and  Triantafyllou,  1989, 1^2;  Grinstein  et  al.,  1991). 

When  a  bluff  cylinder  is  excited  into  resonant  oscillations 
by  an  incident  flow,  the  cylinder  and  its  shed  vortices  have  the 
same  frequency  near  one  of  the  characteristic  frequencies  of 
the  body  (Koopmann,  1967;  Sarpkaya,  1979;  Bearman,  1984; 
Griffin  and  Hall,  1991).  This  coincidence  or  resonance  of  the 
shedding  and  vibration  frequencies  is  commonly  termed  lock- 
on,  and  such  a  state  emerges  when  the  body  is  oscillated  ex¬ 
ternally  in  various  orientations  relative  to  the  incident  flow 
over  the  appropriate  range  of  imposed  frequencies  and  am¬ 
plitudes  (Koopmann,  1967;  Griffin  and  Ramberg,  1974, 1976; 
Ongoren  and  Rockwell,  1988a,b;  Nuzzi  et  al.,  1992).  Two 
recent  experimental  studies  (Tokomaru  and  Dimotakis,  1991; 
Filler  et  id.,  1991)  have  shown  that  rotational  oscillations  of 
a  circular  cylinder  cause  lock -on  and  result  in  marked  changes 
in  the  geometry  of  the  near-wake  flow. 

Vortex  resonance  or  lock-on  is  observed  experimentally  when 
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the  incident  mean  flow  has  a  sufficiently  large  periodic  com¬ 
ponent  superimposed  upon  it  (Barbi  et  al.,  1986;  Armstrong 
et  al.,  1986, 1987).  The  cylinder  remains  stationary  in  the  flow, 
but  the  vortex  lock-on  or  resonance  produced  by  the  inflow 
perturbation  modifies  the  character  of  the  near-wake  flow. 
This  is  equivalent  to  the  in-line  oscillations  when  the  acoustic 
wavelength  is  long  compared  to  the  cylinder  diameter. 

The  introduction  of  an  appropriate  sound  field  also  can 
cause  lock-on  to  occur  (Blevins,  1985).  And  control  of  the 
vortex  formation  and  shedding  by  periodic  mass  injection  into 
the  cylinder’s  boundary  layer  prior  to  separation  has  been 
demonstrated  by  Williams  et  al.  (1992).  All  of  these  external 
disturbances  are  potential  means  for  active  control  of  the  bluff 
body  near-wake  flow  (Oertel,  1990;  Rockwell.  1990). 

Vortex  lock-on  and  resonance  phenomena  have  numerous 
practical  engineering  applications  in  addition  to  their  impor¬ 
tance  in  a  fundamental  physical  sense.  Applications  abound 
in  offshore  exploration  and  drilling.  Naval  and  marine  hy¬ 
drodynamics,  and  underwater  acoustics.  Other  areas  of  en¬ 
gineering  practice  where  these  phenomena  play  important  roles 
are  civil  and  wind  engineering,  nuclear  and  conventional  power 
generation,  and  electric  power  transmission. 

The  main  topic  of  this  paper  is  a  particular  case  of  vortex 
shedding  resonance  and  lock-on  in  the  near-wakes  of  bluff 
bodies.  Vortex  shedding  in  an  incident  flow  with  a  periodic 
component  superimposed  on  the  basic  mean  flow  is  computed 
here  to  high  resolution  using  the  spectral  element  method.  This 
is  an  interesting  bluff  body  flow  which  has  not  been  studied 
either  computationally  or  experimentally  in  detail  up  to  this 
time. 


Flow  Pertarbation  and  In-Line  Oscillation  Experiments 

The  experiments  of  Armstrong  et  al.  (1986,  1987)  and  of 
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Fig.  1  Umlis  of  llio  loeh-on  ragliiM  m  a  hmetloii  of  ampUliMlt  and 
fioquancy  for  tavUna  oacIHaUona  and  Inflow  porturbaUom;  from  Qilllln 
and  Hall  (1991) 


Barbi  et  al.  (1986)  were  conducted  to  examine  vortex  lock-on 
for  a  cylinder  in  a  stream  consisting  of  a  steady  uniform  flow 
with  a  superimposed  periodic  component.  The  results  of  both 
studies  show  some  very  basic  similarities  with  the  earlier  ex¬ 
periments  of  Griffin  and  Ramberg  (1976),  which  are  conducted 
to  examine  vortex  shedding  lock-on  for  a  cylinder  oscillating 
in-line  with  an  incident  flow.  More  recent  experiments  with 
in-line  oscillations  have  been  conducted  by  Ongoren  and  Rock¬ 
well  (1988a, b). 

The  vortex  lock-on  measurements  by  Barbi  et  al.  are  com¬ 
pared  with  those  of  Griffin  and  Ramberg  in  Fig.  1 .  The  vertical 
axis  represents  two  different  measures  of  the  perturbation  am¬ 
plitude.  For  the  experiments  of  Griffin  and  Ramberg  the  peak- 
to-peak  amplitude  of  cylinder  displacement  is  given  by  Ta/d. 
And  for  the  experiments  of  Barbi  et  al.  the  normalized  “peak- 
to-peak’’  incident  velocity  perturbation  is  given  by  2AU/<ad. 
The  horizontal  axis  is  the  ratio  of  the  vibration  frequency  / 
and  the  Strouhal  frequency  /„  of  a  stationary  cylinder.  The 
two  types  of  external  disturbance  are  essentially  identical  for 
the  case  shown.  Also  shown  are  the  cylinder  vibration  results 
of  Tanida  et  al.  (1973)  and  of  Tatsuno  (1972),  reproduced 
from  the  paper  by  Griffin  and  Ramberg.  The  dashed  lines 
enclose  the  results  of  Armstrong  et  al.  (1986,  1987).  Vortex 
lock-on  and  cross-flow  oscillations  usually  occur  near  the 
Strouhal  shedding  frequency  f„.  For  in-line  oscillations  and 
flow  perturbations  the  lock-on  is  caused  by  frequencies  near 
twice  the  Strouhal  frequency,  2f„,  since  the  forcing  fluctua¬ 
tions  in  the  drag  force  are  in  the  flow  direction.  However,  in 
many  cases  the  actual  lock-on  frequency  is  near  the  Strouhal 
frequency,  or  half  the  oscillation  or  perturbation  frequency. 

There  is  generally  good  agreement  between  the  bounds  of 
the  lock-on  regime  for  the  two  different  types  of  external 
disturbance  or  flow  control,  though  there  is  some  scatter  at 
the  highest  amplitudes.  This  is  most  likely  due  to  Reynolds 
number  effects,  as  noted  by  Barbi  et  al.  The  latter  experiments 
were  conducted  at  Re  between  3000  and  40,000,  whereas  the 
results  of  Tanida  et  al.,  Tatsuno,  and  of  Griffin  and  Ramberg 
were  conducted  at  Re  between  80  and  4000.  The  overall  agree¬ 
ment  is  good. 

The  base  pressure  coefficient  Cpi,  is  influenced  by  the  flow 
perturbations  in  much  the  same  manner  as  in  the  case  of  cyl¬ 
inder  oscillations.  For  the  stationary  cylinder  the  base  pressure 
coefficient  is  near  Cp,=  -l  .44;  this  value,  though  somewhat 
low  for  a  circular  cylinder,  is  in  reasonable  agreement  with  the 
results  of  West  and  Apelt  (1982)  for  a  comparable  wind  tunnel 
blockage  ratio  of  nine  percent.  At  the  largest  flow  perturbation, 
the  base  pressure  was  decreased  to  - 1.85  at  the  point 
of  maximum  resonance,  a  reduced  velocity  of  U/f^=1.5  (or 


half  the  Strouhal  value).  The  measured  vortex  formation  region 
length  // was  reduced  by  this  level  of  perturbation  to  0.9d  from 
1 .2d,  the  value  measured  for  the  unperturbed  flow  (Armstrong 
et  al.,  1987).  The  mean  drag  coefficient  Co  increased  from 
1.28  to  1.S2  for  the  perturbed  flow  as  compared  to  the  un¬ 
perturbed  flow. 


The  Numerical  Method 

Recent  advances  in  computational  fluid  dynamics  permit 
new  approaches  to  examining  the  effects  of  inflow  perturba¬ 
tions  and  cylinder  oscillations  on  the  bluff  body  near-wake. 
One  of  these  methods,  which  we  employ  herein,  consists  of 
superimposing  an  oscillatory  component  on  the  inflow  bound¬ 
ary  conation  for  a  domain  such  as  the  spectral  element  grid 
(see  Fig.  4).  The  computational  results  presented  in  this  and 
the  following  section  were  obtained  by  means  of  direct  nu¬ 
merical  simulation  of  two-dimensional  flow  past  a  circular 
cylinder  at  sub-critical  Reynolds  numbers.  The  equations  solved 
are  the  incompressible  Navier-Stokes  equation 

d,v  +  (v»  V)v=  -  Vp/p  +  DV  ^ 
together  with  the  continuity  equation 
V»v  =  0 

A  no-slip  boundary  condition  is  imposed  on  the  surface  of  the 
cylinder,  a  Neumann  boundary  condition  is  used  at  the  out¬ 
flow,  and  periodic  boundary  conditions  are  imposed  in  the 
longitudinal  or  downstream  direction  at  the  cross-stream 
boundaries  of  the  domain.  At  the  inflow,  a  uniform  stream 
with  a  superimposed  time-periodic  small  amplitude  pertur¬ 
bation  is  used  in  most  of  the  cases  presented  in  the  section  on 
computational  results.  In  the  first  case  discussed,  that  of  nat¬ 
ural  or  unforced  vortex  shedding,  the  inflow  consists  solely  of 
a  uniform  stream. 

The  computer  code  employed  here  is  a  variation  of  the  spec¬ 
tral  element  formulation  used  by  Kamiadakis  and  Trianta- 
fyllou  (1989,  1992).  Modifications  of  the  code  performed  at 
NRL  have  not  altered  the  basic  spectral-element  methodology, 
which  is  described  in  some  detail  in  the  above-mentioned  ref¬ 
erences.  However,  numerous  variations  have  been  made  in  the 
computational  grid  and  in  the  computed  flow  quantities  over 
the  grid  in  order  to  examine  the  details  of  the  flow  history  and 
development,  the  velocity  spectra,  and  the  flow  geometry  of 
the  near-wake  of  the  cylinder.  Briefly,  a  time-splitting  algo¬ 
rithm  is  employed  in  the  usual  way,  with  the  nonlinear  term 
being  solved  first  using  a  third-order  explicit  Adams-Bashforth 
scheme  with  a  Courant  stability  condition.  Incompressibility 
is  enforced  when  the  pressure  term  is  solved  in  the  second  step, 
and  boundary  conditions  are  imposed  in  the  third  step,  when 
the  new  velocity  is  found  by  implicit  solution  of  the  viscous 
term.  In  the  second  and  third  steps,  intermediate  values  ob¬ 
tained  from  the  previous  steps  are  used  as  the  “old”  values. 
Although  it  is  not  possible  to  say  formally  what  the  resulting 
overall  order  of  the  splitting  scheme  is,  the  lowest  order  step 
is  the  third,  implicit  backward  Euler  step,  which  is  order  0(  At ) . 

The  spatial  resolution  of  the  computed  flow  can  be  affected 
in  two  ways:  by  choice  of  the  size  and  number  of  elements 
and  by  choice  of  the  order  of  Lagrangian  interpolating  pol¬ 
ynomials  used  within  the  elements.  In  the  present  work,  the 
fifty-six  element  grid  was  essentially  the  same  as  that  shown 
in  Kamiadakis  and  Triantafyllou  (1989),  and  can  be  seen  in 
Fig.  4.  Within  each  two-dimensional  element  sixth-order  in¬ 
terpolating  polynomials  were  used  in  both  the  streamwise  and 
cross-stream  directions,  for  a  total  of  7  x  7  or  49  Gauss-Lobatto 
collocation  points  within  each  element.  This  resulted  in  very 
fine  resolution  in  that  portion  of  the  domain  surrounding  the 
cylinder,  and  a  more  coarse  resolution  in  the  far  wake.  Clus¬ 
tering  of  the  collocation  points  near  the  element  boundaries 
resulted  in  smooth  solutions  across  these  boundaries. 
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As  with  all  spectral  methods,  a  weighted  residual  technique 
is  used  to  generate  the  discrete  equations,  and  the  system  of 
discrete  equations  then  is  solved  using  a  conjugate>gradient 
algorithm.  A  benchmark  case  demonstrates  the  ability  of  the 
code  to  accurately  predict  the  important  flow  parameters  in¬ 
volved  in  the  simulation  of  vortex  shedding  from  bluff  bodies, 
using  the  shedding  frequency  and  the  vortex  street  wavelength 
as  diagnostics.  For  this  we  chose  natural  or  unforced  shedding 
at  Reynolds  number  Re  =  100  based  on  cylinder  diameter,  since 
this  case  was  also  studied  by  Kamiadakis  and  Triantafyllou 
(1989)  and  extensive  results  are  available  in  their  paper.  Our 
predicted  natural  shedding  frequency  of  St  =  0. 1 76  differs  from 
the  value  of  0.179  predicted  by  Kamiadakis  and  Triantafyllou 
(1989)  by  only  1.67  percent,  which  is  insignificant  owing  to 
the  faa  that  the  St  ==0.1 79  value  overestimates  recent  experi¬ 
mentally  determined  values,  e.g.,  Williamson  (1989),  by  ap¬ 
proximately  eight  percent. 

No  asymmetry  is  needed  in  the  initial  or  boundary  conditions 
in  order  to  initiate  the  asymmetric  vortex  shed^ng  in  this 
simulation  of  natural  shedding,  as  well  as  all  of  the  Reynolds 
number  Re  =  200  simulations  discussed  in  the  next  section. 
Rather,  asymmetries  due  to  computer  truncation  are  sufficient 
to  cause  the  vortex  shedding  to  develop  naturally  as  it  does  in 
any  laboratory  flow  due  to  the  presence  of  infinitesimal  am¬ 
bient  disturbances.  The  asymmetry  is  not  due  to  any  numerical 
instability,  but  rather  to  the  highly  unstable  nature  of  the 
symmetric  flow  that  is  realized  briefly  early-on  in  the  com¬ 
putations.  We  refer  to  this  early  symmetric  solution  as  the 
quasi-steady  state  of  the  flow. 

Computation  of  the  Flow 

The  first  case  for  which  we  present  numerical  results  is  nat¬ 
ural  or  unforced  vortex  shedding  at  a  Reynolds  number  of 
200.  For  this  condition  the  inflow  boundary  condition  at  the 
left  of  the  domain  is  a  uniform  flow,  and  the  near-wake  and 
vortex  shedding  patterns  develop  without  forcing.  We  include 
this  case  for  comparison  with  the  perturbed  flow  results. 

The  spectrum  corresponding  to  the  jr-component  of  the  ve¬ 
locity  U,  at  a  point  (x^y)  =  (2,2)  is  shown  in  Fig.  2,  where  the 
units  are  scaled  by  the  cylinder  diameter.  The  highest  peak  in 
the  spectrum  is  located  at  the  natural  shedding  frequency  f„ 
corresponding  to  St  =  0.195,  and  other  peaks  can  be  seen  at 
higher  harmonics  of  this  shedding  frequency.  Approximately 
2000  time  intervals  were  used  to  produce  this  spectrum  and  all 
of  the  computed  spectra  discussed  in  this  paper.  Each  time 
interval  represents  ten  time  steps  in  the  calculation,  and  2000 
time  intervals  correspond  to  approximately  thirty  shedding 
cycles. 
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The  cylinder  base-region  flow  in  the  vortex  formation  region 
is  important  to  the  development  of  the  near-wake  flow  (Bear- 
man,  1965;  Gerrard,  1966),  and  to  the  ensuing  physical  evo¬ 
lution  of  the  wake.  One  measure  of  the  downstream  extent  of 
the  formation  region  is  the  maximum  in  the  fluctuating  velocity 
which  occurs  just  downstream  of  the  cylinder  on  the  wake 
centerline.  The  formation  region  length  also  can  be  measured 
in  terms  of  the  minimum  of  the  local  pressure  coefficient  Cp 
on  the  wake  centerline  (Roshko,  1954,  1955).  The  fluctuation 
Unas  of  the  x-component  of  velocity  on  the  wake  centerline  is 
plotted  in  Fig.  3  as  a  function  of  distance  downstream  from 
the  cylinder,  as  measured  in  multiplies  of  the  cylinder  diameter. 
The  computed  peak  in  Unm  is  located  at  about  1 .25  cylinder 
diameters  downstream,  which  is  comparable  with  measure¬ 
ments  from  laboratory  experiments  which  have  been  reported 
in  the  literature  (Bloor  and  Gerrard,  1966;  Griffin,  1971). 

A  cross-wake  distribution  of  the  velocity  fluctuation  Unm  at 
x=5d  is  plotted  in  Fig.  3{b).  The  same  quantity  at  x=3d  is 
shown  in  Fig.  9(d)  where  it  is  superimposed  on  a  perturbed 
flow  case.  The  corresponding  mean  velocities  are  shown  in 
Fig.  8.  The  deficit  in  the  mean  velocity  is  apparent  as  well  as 
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Runberg,  1974),  probably  owing  to  differences  between  the 
two-dimensional  computations  and  the  three-dimensional  ex¬ 
periments. 

Ute  final  result  for  the  natural  shedding  case  is  the  instan¬ 
taneous  streamline  pattern  shown  in  Fig.  4.  Here  the  stream¬ 
lines  are  spaced  evenly  across  the  computational  domain  at 
the  inflow,  and  the  spreading  of  the  streamlines  in  the  near 
wake  gives  some  evidence  of  the  deficit  in  the  mean  flow  in 
the  cross-wake  direction,  as  was  shown  in  Fig.  3(b).  The  wave¬ 
length  of  the  vortex  street  for  this  unforced  flow  is  \  =  5d, 
which  is  typical  of  the  results  shown  in  Fig.  12. 

Next  a  perturbed  boundary  condition  of  the  form 

Ut=l.O  +  Au  sin  ul, 

U,  =  0. 

was  enforced  at  the  inflow,  where  U,  and  Uy  denote  the  x- 
and  y-components  of  the  velocity,  respectively.  Here  Au  =  au, 
where  u  =  2Tf,  and  the  perturbation  frequency /=  2o(/'„.  The 
parameter  a  varied  from  0.05  to  0.25,  while  a  was  varied  to 
give  values  of  the  perturbation  frequency  ranging  from  1.4/„ 
to  2.8/10  (Fig-  S).  Each  closed  circle  or  cross  in  this  figure 
represents  a  direct  numerical  simulation.  Those  that  represent 
lock-on  behavior  are  indicated  by  the  closed  circles. 

The  shaded  regions  in  Fig.  5  indicate  regions  across  which 
breakdown  occurs,  from  a  periodic,  locked-on  flow  to  a  non¬ 
periodic  or  quasi-periodic  flow  in  which  the  primary  frequency 
is  the  natural  shedding  frequency  rather  than  the  perturbation 
frequency.  We  have  not  attempt^  to  define  precisely  the  width 
of  this  region,  but  only  to  bracket  it.  As  will  be  shown  in  the 


Frequency,  fd/U  Frequency,  fd/U 


Fig.  6  The  tpeclnim  of  Iho  x-componont  of  the  velocity  (/.  at  the  hltlory 
point  located  at  (x,y)9(2,2);  (a)  case  a  in  Fig.  5,  (b)  case  b,  (c)  cate  d, 
and  (d)  case  e 


the  approach  to  the  free  stream  condition  as  the  distance  from 
the  centerline  is  increased.  The  peaks  in  the  rms  velocity  at  the 
two  downstream  locations  also  show  the  usual  concentrated 
off-wake  effects  of  the  passing  vortex  pairs.  The  computed 
fluctuations  in  the  wake  are  slightly  less  than  comparable  wind 
tunnel  measurements  near  this  Reynolds  number  (Griffin  and 
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Fig.S  Limits  of  thaloeii-onraginia  lor  partwbod  flow  at  Rsb  200.  Each 
elosad  circio  or  croaa  rapraiants  a  numarlcal  aimulatioii.  Thoao  timu- 
lallona  In  which  lock-on  occurred  are  Indieatod  by  cloaad  circlaa.  Tha 
ahadad  region  forma  thaapproxlmata  boundary  botwaan  the  loek-on  and 
non-lock-on  ragimat. 
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following,  in  all  of  the  cases  lying  outside  of  the  lock-on  region, 
the  flow  continues  to  be  strongly  influenced  by  the  pertur¬ 
bation,  as  evidenced  by  the  chaotic  nature  of  the  flow  '•  con¬ 
trast  with  the  regular,  periodic  natural  shedding  case.  However, 
we  have  chosen  to  deflne  non-lock-on  cases  as  those  for  which 
the  highest  peak  in  the  spectrum  occurs  at  the  natural  shedding 
frequency  or  at  a  frequency  corresponding  to  neither  the  per¬ 
turbation  nor  the  natural  shedding  frequency. 

We  first  examine  cases  a,  b,  d,  and  e  in  Fig.  5.  For  these 
four  cases,  the  amplitude  of  the  perturbation  is  held  fixed  while 
the  frequency  is  increased  from  1  .S/w  (case  a)  to  2.^„  (case 
e).  A  forcing  frequency  of  \.Sf„  results  in  a  nonperiodic  ve¬ 
locity  history  with  the  spectrum  in  Fig.  6(a),  which  shows 
clearly  the  chaotic  nature  of  the  flow.  The  highest  peak  in  the 
spectrum  occurs  just  below  the  natural  shedding  frequency  of 
St = 0. 19S.  Increasing  the  forcing  frequency  from  1 .5/„  to  1 
results  in  case  b  in  Fig.  5.  The  flow  is  periodic,  with  shedding 
frequency  equal  to  0.8  f„,  and  thus  lock-on  has  occurred.  The 
flow  pattern  is  more  complex  that  that  of  the  unperturbed 
case,  and  we  see  from  the  spectrum  in  Fig.  6(b)  that  there  is 
now  significantly  more  energy  in  the  higher  harmonics  of  the 
perturbation  frequency  than  occurred  in  higher  harmonics  of 
The  wavelength  of  the  vortex  pattern  is  X  =  5.7d,  an  increase 
of  fourteen  percent  from  the  unforced  value  of  X  =  5d. 

Moving  farther  to  the  right  in  Fig.  S,  we  again  increase  the 
perturbation  frequency  to  Z.3/„  for  case  d.  Lock-on  again 
takes  place,  this  time  at  a  frequency  of  1.15/^,.  The  spectrum 
corresponding  to  this  case  is  shown  in  Fig.  6(c). 

The  results  from  case  e  demonstrate  that  we  have  crossed 
over  the  shaded  region  and  are  once  again  outside  of  the  lock- 


on  region  The  dominant  peak  in  the  spectrum  (Fig.  6(d)) 
occurs  at  neither  the  naturaJ  shedding  frequency  nor  the  per¬ 
turbation  frequency.  The  three  highest  peaks  in  the  spectrum 
are  labeled.  Peak  number  I  occurs  just  above  the  natural  shed¬ 
ding  frequency  at  approximately  Sts 0.2,  peak  number  2  oc¬ 
curs  at  half  the  perturbation  frequency  or  St  s  0.23,  and  peak 
number  3  occurs  at  the  sum  of  these,  or  St  =  0.43.  Thus  peak 
3,  the  highest,  is  a  higher  harmonic  of  neither  the  natural 
shedding  frequency  nor  the  perturbation  frequency,  but  of  the 
average  of  the  two.  This  case  is  indicative  of  a  wider  transitional 
region  than  we  have  shown  in  Fig.  S,  in  which  the  dominant 
frequency  in  the  flow  is  neither  the  perturbation  nor  the  natural 
frequency.  Indeed,  the  presence  of  two  nearby  peaks  in  the 
spectrum  suggests  intermittency  in  the  shedding  frequency. 

We  next  examine  case/in  Fig.  S,  which  lies  just  to  the  left 
of  the  lock-on  region.  Here  the  frequency  of  the  perturbation 
is  the  same  as  in  case  b,  but  the  amplitude  has  bem  decreased 
from  0.2  to  0.1  nondimensional  units.  Referring  to  the  spec¬ 
trum  for  case  b  in  Fig.  6(b).  we  see  the  dramatic  change  brought 
about  in  the  flow  due  to  this  change  in  amplitude.  The  peak 
in  the  spectrum  for  case/,  labeled  number  1  on  Fig.  7(a),  is 
at  the  natural  shedding  frequency  of  St  =  0.195.  The  peak  la¬ 
beled  number  2  occurs  at  half  of  the  perturbation  frequency, 
or  approximately  St  =  0.078.  When  the  amplitude  of  the  per¬ 
turbation  is  reduced  further  to  0.05  in  case  i,  the  spectrum  in 
Fig.  7(b)  shows  that  now  the  natural  shedding  frequency  is 
clearly  dominant,  and  thus  this  condition  is  farther  outside  the 
lock-on  region  than  the  previous  result. 

At  this  value  of  perturbation  amplitude,  we  now  examine 
the  effects  of  increasing  the  perturbation  frequency  by  pre- 


Joumal  of  Fluids  Enginesring 


JUNE  1993,  Vol.  115/287 


y/d 

Flg.t  TlMCfOM-atrMiiidtotflbutiaaef maanvaleeHy 

and  W  y-SddowiwtfMiii  from  Hm  qdlndar,  cm*  g.  Th*  nwuH*  ter  th* 

natural  ahaddlng  eaaa  (daahad  Hnaa)  ara  au^mpoaad. 


senting  results  for  cases  /  and  n.  A  dramatic  change  occurs  as 
0  the  perturbation  frequency  is  inaeased  to  2.0/n  (case  1).  While 

the  resulting  flow  resembles  the  natural  shedding  case,  the 
frequency  of  the  oscillation  is  lower  than  the  natural  shedding 
frequency  obtained  in  the  unforced  case  by  approximately  five 
percent  (Fig.  7(c)),  and  higher  harmonics  correspond  to  mul¬ 
tiples  of  this  latter  value.  The  reason  for  this  discrepancy  has 
not  yet  been  determined  conclusively;  our  original  estimate  of 
^  the  natural  shedding  frequency  at  Reynolds  number  200  was 

V  approximately  five  percent  lower  than  that  of  Kamiadakis  and 

Triantafyllou  (1989),  while  their  estimate  was  judged  to  ov¬ 
erestimate  the  experimentally  determined  value  by  approxi¬ 
mately  eight  percent.  Thus  the  present  computed  result  is  within 
an  accepuble  range. 

A  change  again  occurs  as  we  increase  the  perturbation  fre¬ 
quency  to  2.3/ja  for  the  final  case  n.  The  flow  pattern  again 
#  becomes  complex  as  shown  by  the  spectrum  in  Fig.  7(<0,  with 

the  first  dominant  peak  occurring  at  the  natural  shed^ng  fre¬ 
quency  of  St=0.19S.  A  second  peak  of  nearly  equal  height 
occurs  at  a  frequency  equal  to  approximately  St  =  0.4S,  or  twice 
the  perturbation  frequency.  Thus  again  we  see  the  perturbation 
frequency  having  a  greater  effect  on  the  higher  harmonics  of 
the  flow. 

^  For  a  more  complete  analysis  of  the  near-wake  flow  in  a 

^  lock-on  condition,  we  further  examine  case  g.  As  in  the  natural 

shedding  case,  we  first  measured  the  drop  in  the  time-averaged 
x-component  of  the  velocity  across  the  wake  at  two  different 
downstream  locations.  Time  averaging  again  was  done  over 
approximately  thirty  shedding  cycles.  We  see  from  Fig.  8(a), 
which  shows  computed  velocities  three  diameters  downstream 
from  the  cylinder,  that  the  drop  in  mean  velocity  across  the 
W  wake  is  approximately  35  percent.  Comparing  this  with  an 

approximately  30  percent  drop  in  the  natural  shedding  case 
(superimposed),  indicates  that  the  effect  of  the  perturbation 
is  to  slightly  decrease  the  mean  flow  along  the  centerline.  How¬ 
ever,  the  rms  fluctuation  corresponding  to  this  mean  flow  is 
greater  than  that  seen  in  the  natural  shedding  case,  with  a 
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proportionately  greater  fluctuation  along  the  centerline.  In  the 
natural  shedding  case  there  was  a  nearly  70  percent  drop  in 
the  rms  fluctuation  across  the  wake  three  diameters  down¬ 
stream  from  the  cylinder.  By  comparison,  the  rms  fluctuation 
in  the  perturbed  flow  exhibits  an  approximately  57  percent 
drop  across  the  wake  (Fig.  9(a)).  Farther  downstream  at  x-  5<f 
the  time-averaged  flows  of  the  natural  shedding  perturbed  cases 
are  nearly  identical  (Fig.  8(6)).  At  this  same  downstream  lo- 
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cation,  the  maximum  rms  fluctuation  of  the  perturbed  flow 
has  decayed  approximately  to  that  of  the  natural  shedding 
case,  but  the  fluctuation  remains  greater  at  the  wake  edges  and 
along  the  wake  centerline  (Fig.  9(b)).  The  corresponding 
for  the  natural  shedding  case  is  shown  in  Fig.  3(b). 

The  mean  flow  and  the  rms  fluctuation  in  the  velocity  along 
the  centerline  behind  the  cylinder  are  shown  in  Fig.  10.  Com¬ 
paring  the  rms  fluctuation  with  the  natural  shedding  case  (Fig. 
3(n))  we  see  that  the  peak  of  the  fluctuation,  which  marks  the 
end  of  the  vortex  formation  region,  has  moved  from  its  natural 
shedding  position  approximately  one  diameter  downstream 
from  the  cylinder  to  a  point  approximately  one  and  a  half 
diameters  downstream.  This  is  an  expansion  of  the  vortex 
formation  region  with  perturbation  frequency  when/<Vw 
Comparably,  the  downstream  extent  of  the  formation  region 
is  contracted  when/>^M-  Both  of  these  modifications  in  the 
shedding  are  analogous  to  those  observed  when  a  circular  cyl¬ 
inder  undergoes  both  in-line  and  crossflow  oscillations  under 
lock-on  conditions  (Griffln  and  Ramberg,  1974, 1976;  Ongoren 
and  Rockwell,  1988a,  b). 

A  zone  of  reversed  mean  flow  is  found  adjacent  to  the 
cylinder  as  shown  in  Fig.  10,  followed  by  a  stagnation  point 
(C/=0)  and  the  transition  to  positive  mean  flow  at  approxi¬ 
mately  one  diameter  downstream.  The  extent  of  the  reversed 
flow  region  is  controlled  by  the  perturbations  in  much  the  same 
way  as  the  overall  formation  region. 

The  C/j  versus  U,  phase  plane  plots  for  cases  /  and  g  are 


Table  1  LoagHudiaal  vortex  spadag  or  wavcicogth  ia  Ibe 
aear-wake  of  a  drcalar  cyHader  vtbratiag  ia-Hae  with  aa  ia- 
cMeat  aaifona  flow;  atepted  ftoai  Gttffia  aad  Raaibcrg 
(1976) 


Vibration 

Frequency 

Vortex 

Relative 

Vortex 

frequency. 

ratio. 

spacing. 

change. 

convection  a 

///« 

X/d 

1/2 /X/( 

Reynolds  number  =  190 

69.2 

1.88 

5.2 

+  0.07 

0.94 

73.6 

2.00 

4.9 

0 

0.93 

75.6 

2.06 

4.7 

-0.05 

0.91 

78.9 

2.14 

4.7 

-0.04 

0.96 

80.4 

2.18 

4.4 

-0.09 

0.92 

Average  =  0.93 


shown  in  Fig.  11.  The  history  point  in  both  cases  is  once  again 
located  in  the  separated  flow  just  outside  the  wake  at 
(xj')  =  (2,2).  These  phase  plane  representations  of  the  velocity 
demonstrate  most  graphiodly  the  periodic  nature  of  the  forced 
or  lock-on  state  of  the  flow,  as  opposed  to  the  chaotic  date 
of  the  non-lock-on  state. 

Discttssioii  of  Results 

The  longitudinal  vortex  spacing  or  wavelength  is  a  valuable 
physical  diagnostic  for  the  state  of  the  spatial  structure  and 
development  of  the  fully-developed  vortex  street.  Measure¬ 
ments  of  the  spacing  for  a  variety  of  in-line  and  cross-flow 
oscillations,  and  also  for  the  unforced  wakes  of  stationary 
cylinders  have  been  reported  by  Griffin  and  Ramberg  (1976) 
lliese  can  be  compared  to  the  ^rect  numerical  simulations  of 
Kamiadakis  and  Triantafyllou  (1989)  and  our  recent  NRL 
simulations  that  are  disciused  here.  The  wavelength  of  the 
pattern  can  be  employed  as  a  measure  of  the  spatial  state  of 
the  flow,  as  compared  to  phase  plane  diagrams  of  the  stream- 
wise  and  cross  stream  velocities,  which  can  be  employed  in  a 
comparable  way  to  assess  the  temporal  state  of  the  near-wake. 

One  example  given  by  Kamiadakis  and  Trianufyllou  (1989) 
is  that  of  a  wake  forced  by  a  localized  spatially  and  temporally 
varying  disturbance  in  the  vortex  formation  region,  with  nor¬ 
malized  amplitude  and  frequency,  respectively,  of  a  =  0. 10  and 
///m, =0.73.  The  center  of  the  disturbance  was  located  at  x=  2, 
y=0,  measured  in  multiples  of  the  cylinder  diameter.  This  is 
a  unique  form  of  control  disturbance  which  had  not  been 
investigated  previously.  For  the  unforced  wake  X  =  S</,  while 
for  the  forced  wake  \=7</,  an  increase  of  forty  percent  in  the 
wavelength. 

Comparable  measurements  were  made  at  Re  =  190  by  Griffin 
and  Ramberg  (1976)  and  the  results  are  summarized  in  Table 
1.  The  cylinder  oscillations  were  in-line  with  the  flow  over  a 
range  of  frequencies  near  twice  the  Strouhal  frequency  as  in 
Fig.  I.  The  measured  changes  in  the  forced  vortex  spacing 
correspond  directly  with  those  achieved  in  the  direct  numerical 
simulations,  since  for  f<2f„  the  wavelength  increases  while 
for  f>’if„  the  wavelength  decreases.  Extrapolating  the  results 
in  the  table  to  the  condition  f=  1 .6/j,  in  the  present  case  and 
to /=  0.7Sf„  from  Kamiadakis  and  Triantafyllou  using  a  least- 
squares  fit  given  by  Griffin  and  Ramberg,  the  vortex  spacing 
is  \=6.2d.  This  compares  reasonably  well  with  both  com¬ 
putations.  The  measured  vortex  spacing  for  the  stationary  cyl¬ 
inder  at  Re  =190  (X  =  4.9<f)  is  very  nearly  equal  to  the 
wavelength  computed  here  at  Re  =  200,  namely  X  =  S</. 

The  computed  vortex  street  wavelengths  are  compared  fur¬ 
ther  with  measurements  for  both  forced  and  unforced  con¬ 
ditions  for  Reynolds  numbers  from  100  to  2000  in  Fig.  12. 
The  computations  agree  well  overall  with  the  experiments, 
which  show  only  a  very  slight  dependence  on  Reynolds  number 
in  this  range.  The  vertical  scale  is  a  normalize  form  at  the 
vortices'  convection  speed,  or  the  downstream  translanonal 
speed  of  the  vortex  cores.  The  constant  phase  or  convraion 
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Fig.  12  LongHmUnalvortMtpacIngMdlffiUM  a  function  of  Reynold* 
numbar  Ra.  Ml  of  Ih*  moaauianiant*  ufara  mad*  In  th*  ataka*  of  ata- 
llonaiy  and  oacHlaUng  eyilndar*.  Th*  data  point*  at  Ra  a  190  and  200 
corraaiNMid  to  bvlln*  oaclllatlon*  and  Inflow  partuitMtlott*  (eompoalt* 
of  tlx)  arith  oa2;  all  othar  data  eonoapond  to  Cfeaa-llow  oaclllatlon* 
(axporlmanta) and  n*ar*aMk*  partuftiatlon*  (computation*) adth  nal. 


speed  is  representative  of  a  nondispersive  physical  system,  as 
compared  to  the  many  dispersive,  complex  physical  systems 
which  occur  in  nature,  e.g.  surface  water  waves  and  mixing 
layers  under  certain  conditions,  where  the  phase  speed  depends 
on  the  wavelength  or  wavenumber  and  the  frequency. 

Several  measurements  of  the  pattern’s  convection  speed  also 
are  given  in  the  table.  Though  there  is  some  scatter,  the  average 
value  is  U^=0.93U.  Tokumaru  and  Dimotakis  (1991)  also 
found  that  the  convection  speed  remained  nearly  constant  at 
a  similar  value  in  a  lock-on  state  produced  by  rotational  os¬ 
cillations  at  a  Reynolds  number  of  15,(X)0,  even  as  both  the 
imposed  frequency  of  the  oscillations  varied  over  a  three-fold 
range  and  the  street  wavelength  underwent  similarly  marked 
changes.  This  gives  some  additional  evidence  that  both  forced 
and  unforced  or  natural  periodic  vortex  wakes  have  the  same 
basic  nondispersive  character  over  a  wide  range  of  externally 
imposed  disturbances. 

These  modifications  of  the  near-wake  flow  are  achieved  by 
the  imposition  of  relatively  small  inflow  perturbations.  Thus, 
seemingly  small  perturbations  of  the  wake  How  are  capable  of 
producing  large  changes  in  vortex  strength  and  shed  vorticity, 
base  pressure  and  drag  on  a  bluff  circular  cylinder  or  body  of 
other  cross-section.  Modification  and  control  of  the  basic  for¬ 
mation  or  instability  mechanisms  of  the  wake  can  lead  to 
substantial  changes  in  the  near-wake  vortex  pattern,  and  pos¬ 
sibly  even  the  middle-  and  far-wake  flow  as  well  as  found  by 
Cimbala  et  al.  (1988),  and  by  Browne  et  ai.  (1989). 


Summary  and  Concluding  Remarks 

Several  issues  pertaining  to  bluff  body  near-wake  flow  con¬ 
trol  and  modification  have  been  investigated  for  a  bluff  body 
in  a  flow  consisting  of  a  basic  mean  flow  with  a  superimposed 
periodic  component.  Direct  numerical  simulations  of  per¬ 
turbed  flow  about  a  circular  cylinder  are  in  good  agreement 
with  experimental  results,  particularly  in  reproducing  the  vor¬ 
tex  shedding  resonance  or  lock-on  regime  boundaries  at 
Re  =  200.  The  lock-on  regime  defines  the  frequency  range  over 
which  perturbations  in  the  incident  flow  cause  vortices  to  be 
shed  at  the  forcing  frequency  rather  than  at  the  natural  shed¬ 
ding  frequency.  At  an  amplitude  of  2Af//<<xf=0.2,  perturba¬ 
tion  frequencies  in  the  range  1.6/„  to  2.3/„  result  in  lock-on, 
and  the  extent  of  this  frequency  range  decreases  with  decreasing 
perturbation  amplitude.  The  change  in  the  lock-on  boundary 


was  more  rapid  at  frequencies  less  than  Z/mt  which  is  in  qual¬ 
itative  agreement  with  experiments  from  Fig.  I  and  Koopmann 
(1967). 

Computations  of  the  near-wake  flow  show  that  in  flow  per¬ 
turbations  causing  lock-on  can  control  the  location  and  extent 
of  the  vortex  formation  region  and  the  level  of  velocity  fluc¬ 
tuation  both  along  and  across  the  wake.  Some  typical  results 

/</jo  show  a  shift  downstream  of  the  vortex  formation 
region,  as  identified  by  the  peak  rms  velocity  fluctuation  along 
the  wake  centerline,  and  an  increased  fluctuation  level  along 
the  centerline  that  extemls  to  at  least  five  cylinder  diameters 
downstream.  These  modifleations  to  the  near-wake  flow  are 
indicative  of  selectively  increased  vortex  strength  and  shed 
vorticity  in  the  near-wake  as  a  result  of  the  locking-on. 

The  computed  values  of  the  vortex  wavelength  X  in  the 
perturbed  flow  are  in  good  agreement  with  measuremenu  in 
both  unforced,  or  natural,  and  forced  wakes  for  Reynolds 
numbers  between  100  and  2000.  The  predominant  vortex  street 
frequency  and  wavelength  adjust  in  such  a  way  that  a  constant 
phase  or  convection  speed  of  the  pattern  is  achieved  over  a 
wide  range  of  conditions  which  cause  lock-on.  Recent  active 
control  experiments  with  rotational  oscillations  of  a  circular 
cylinder  at  a  Reynolds  number  of  1S,000  show  that  the  wake 
adjusts  in  the  tame  way  over  a  three-fold  range  of  imposed 
frequencies.  The  essentially  constant  vortex  phase  or  convec¬ 
tion  speed  is  indicative  of  the  basic  nondispersive  physical 
diaracter  of  forced  and  unforced,  or  natural,  bluff  body  near¬ 
wakes. 
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INTERACTION  OP  VOBTICITY  WITH  A  FREE  SURFACE 
IN  TURBULENT  OPEN  CHANNEL  FLOW 
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AbHiisi 

The  interaction  betwem  vorticity  and  a  free  aur- 
face,  modeled  as  a  aheac  free  boundary  ia  studied  us¬ 
ing  a  direct  numerical  simulation  of  an  open  channel 
flow  at  low  Reynolds  number  (Reft  =  Uftklv  s  2340 
where  h  is  the  channd  depth  and  is  the  mean  free- 
surfsce  velocity).  As  a  result  of  the  shear  free  nature 
of  the  top  boundary,  only  normal  vorticity  may  ter¬ 
minate  on  it.  The  vorticity  components  parallel  to 
the  top  boundary  must  go  to  sero  as  the  boundary  is 
approached.  The  time  averaged  fluctuating  enstrophy 
balance  equations,  which  are  an  indicator  of  the  level 
of  activity  of  the  vorticity  field  ate  evaluated.  Near 
the  free  surface  the  rate  of  production  and  destruction 
of  enstrophy  is  set  by  the  stretching  and  rotation  of 
fluctuating  vorticity  by  the  fluctuating  velocity  field. 
The  transport  of  enstrophy  by  the  fluctuating  veloc¬ 
ity  has  a  minor  role.  Of  the  the  production  terms, 
the  three  involving  the  stretching  of  vorticity  along 
its  aida  are  the  moat  important,  and  a  simple  model 
explaining  this  is  presented. 
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f  =  i//u* 
t*  =  u/u** 


Instantaneous  velocity 
Fluctuating  velocity 
Instantaneous  vorticity 
Fluctuating  vorticity 
RMS  fluctuating  velocity 
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Mean  velocity 
Mean  free  surface  velocity 
Friction  velocity 
Viscous  lengthscale 
Viscous  timescale 
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ut  =  m/u* 
t*  =  t/f 

(«(*))  =  «(»)  Averaging  operator 


Non-dimensional  velocity 
Non-dimensional  length 
Non-dimensional  time 


fc  =  L., 

L», 

V 

P 

Fn^Uftf^/pi 
Re  -  Uk/u 
Re*  =  u*k/v 
Reft  =  Ufthfi/ 


Channel  height 
Streamwise  box  length 
IVansverse  box  length 
Kinematic  viscosity 
density 

Ftoude  number 
Reynolds  number 
Wall  Reynolds  number 
Free  surface  Reynolds  no. 


1.  Introduction 

The  total  instantaneous  enstrophy  of  a  fluid  is 
defined  as  the  square  of  the  instantaneous  vorticity, 
Enstrophy  can  be  determined  as  well  from 
the  mean  vorticity,  and  the  fluctuating  vortic¬ 
ity,  (viSf.  This  p<4>er  will  be  limited  to  an  analysis 
of  the  fluctuating  vorticity.  The  dominate  motiva¬ 
tion  for  studying  the  enstrophy  balance  equations  is 
the  natural  interpretation  of  enstrophy  as  a  measure 
of  vortical  activity.  The  no-slip  boundary,  where  the 
majority  of  the  fluctuating  vorticity  is  produced  is  the 
source  of  the  turbulent  kinetic  energy.  Much  of  the 
turbulent  kinetic  energy  is  believed  to  be  associated 
with  coherent  structures  and  a  quasi-regular  turbu¬ 
lent  burst  cycle.  If  it  is  assumed  that  coherent  vortic¬ 
ity  is  an  important  feature  of  these  structures,  then 
enstrophy  is  a  good  tool  for  analysis.  Although  a  clear 
connection  between  vorticity  and  coherent  structures 
or  events  has  yet  to  be  developed,  the  concept  of  the 
vortex  loop  has  often  invoked  to  explain  the  visual¬ 
isation  of  the  results  of  experiments  or  direct  numer¬ 
ical  simulations  (DNS).  The  connection  between  vor¬ 
ticity  and  turbulent  structures  may  be  equally  valid 
at  the  free-surface.  As  will  be  discussed  below,  the 
conditions  at  the  free-surface  require  that  vorticity 
tangential  to  the  surface  vanish  as  the  surface  is  ap¬ 
proached.  Simultaneously,  the  surface-normal  gradi¬ 
ent  of  the  component  of  vorticity  perpendicular  to  the 
surface  must  vanish.  These  ate  reflectional  bound¬ 
ary  conditions,  and  are  significantly  different  than  the 
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conditioB  ci  R^stioaal  •yminetry  about  the  zi-uia 
(aligned  with  the  channel  centerline)  that  occura  in 
the  cloaed  channel  caee. 

Another  important  interpretation  of  enatrophy 
can  be  made  through  its  relation  to  the  isotropic  dis¬ 
sipation  function.  The  isotropie  dissipation  function, 
commonly  used  in  h  —  <  turbulence  models,  is  d^ned 


—  ^  ^ 
dxj  Qxj  ’ 


(1) 


for  homogeneous  turbulence.  However,  the  following 
can  be  shown 


^  _  1  dUj  dUj  1 6ui  dUj 

dtj  dxj  2  "Sxj  dxj  ^  2  dxi  dxi 

Ifduj  Buj.  (2) 

~rdxi~  dxi^^dxj  ”  a*/ 
s 


In  Eq.  2  the  identity  for  homogeneous  incompressible 
turbulence. 


du,  duj  8  ~  55177  ,  8  brii. 

5^75^7  =  (3) 

=  0, 


has  been  used^.  Therefore  the- isotropic  dissipation 
function  is  related  to  the  fluctuating  enstrophy  as 


€  =  VWtWfe. 


(4) 


Consequently,  the  study  of  the  enstrophy  balance  can 
be  viewed  as  the  study  of  the  creation  and  destruc¬ 
tion  of  the  isotropic  dissipation  function.  The  enstro- 
phy  balance  equation  may  be  a  more  convenient  tool 
to  study  the  dusipation  because  its  terms  have  bet¬ 
ter  physical  interpretations.  fVirthermore  the  com¬ 
ponent  equations  unut  (no  implied  summation)  can 
be  examined  individually.  As  mentioned  above,  while 
the  isotr(q>ie  dissipation  is  not  the  local  dissipation  of 
turbulent  kinetic  energy,  it  is  relevent  for  turbulence 
modeling. 


2.  The  Numerical  Simulation 

The  incompressible  three-dimensional  Navies^ 
Stokes  equations  ate  sdved  for  initial  and  boundary 
conditions  approximating  a  turbulent  open-channel 
flow  of  water  at  a  Reynolds  number  of  2340,  where 
=  Ufthfv  and  h  is  the  channel  depth  and  Ujt 


Su>>ac* 


Fig.  1  RMS  Fluctuating  Vorticity.Symbols:  __ , 
wj;--— » wj;— -  — ,  wj. 


is  the  mean  free-surface  velocity.  Based  on  the  fric¬ 
tion  velocity,  u.  =  Reynolds  number  is 

IU»  =  134.  The  governing  equations  are  recast  into 
a  4'*  order  equation  for  the  vertical  velocity  and  a 
2"^  order  equation  for  the  vertical  vorticity  and  the 
continuity  equation  is  solved  explicitly  in  the  recov¬ 
ery  of  the  streamwise  velocity.  This  formulation  was 
fust  discussed  by  Orssag  and  Patera’  and  later  im¬ 
plemented  in  a  simpler  form  in  the  large  scale  direct 
simulations  by  Kim,  Moin  and  Moaer’.  It  is  the  lat¬ 
ter  formulation  that  will  be  used.  This  method  in- 
v(dves  the  use  of  the  homogeneous  solutions  of  the 
time  discretised  4'*  order  equation  to  satisfy  all  the 
required  boundary  conditions.  The  equations  are  nu¬ 
merically  solved  after  they  are  Fourier  transformed 
in  the  streamwise  (xi)  and  spanwise  (zs)  directions 
and  Chebychev  transformed  in  the  vertical  direction 
(z]).  The  z)  axis,  scaled  by  the  channel  height  has 
its  origin  at  the  free  surface.  The  channel  bottom  is 
zj  =  — 1.  The  calculations  are  performed  on  a  grid  of 
48  X  65  X  64  nodes  in  zi ,  Z2,  zs,  respectively,  for  a  reso¬ 
lution  of  26.3/.  in  the  streamwise  direction  and  13.2/. 
in  the  spanwise  direction  (  /.  s 
box  sise  is  1684/.  x  134/.  x  632/..  With  the  geometry 
scaled  by  the  channel  height,  the  height,  length  and 
width  of  the  channel  are  1,  4z  and  3z/2,  respectively. 

In  the  free-surface  problem  the  nonlinear  and 
time-dependent  boundary  conditions  must  be  satis¬ 
fied  on  an  unknown  surface  elevation,  q.  The  bound¬ 
ary  conditions  can  be  simplified  considerably  if  the 
surface  is  not  allowed  to  deflect  (q  s  0).  The  rigid 
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lid  apprckximation  ia  equivalent  to 

=  0  at  X]  =  0.  (5) 

To  further  simplify  the  boundary  conditions,  the 
usual  balance  of  normal  stresses*  is  replaced  by 

-5-^  =  0  at  X,  =  0.  (6) 

Eq.  6  can  be  derived  from  the  zero  tangential  stress 
conditions,  the  continuity  equation,  and  the  rigid  lid 
assumption.  These  conditions  and  the  definition  of 
vorticity  can  also  be  combined  to  form  the  remaining 
free-surface  boundary  condition, 

^=0«.,  =  0,  (7) 

where  the  vorticity  is  non-dimensionalized  by  Uo/h, 
Uq  is  the  initial  (t  =  0)  free-surface  velocity. 

At  the  bottom  wall  of  the  channel,  the  no-slip  ve¬ 
locity  boundary  conditions  are  composed.  The  no-slip 
velocity  condition  sustains  the  shear  layer  which  is  re¬ 
sponsible  for  maintaining  the  turbulence.  The  bound¬ 
ary  conditions  are  periodic  on  all  dependent  variables 
in  the  streamwise  and  spanwise  directions. 

After  the  wall  shear  stress  achieved  a  statistically 
steady  state  at  the  correct  value,  and  the  total  stress 
across  the  channel  was  linear,  turbulent  flow  data  was 
acquired.  Forty-two  realizations  of  the  turbulent  flow 
were  saved  during  an  interval  of  approximately  4000t* 
(t*  =  i//u*’).  We  have  compared  single  point  statis¬ 
tics  and  spectra  with  from  the  closed  channel  calcu¬ 
lation  performed  at  the  Naval  Research  Laboratory^ 
and,  where  possible,  results  from  the  high  resolution 
NASA  Ames  closed  channel  computation*.  In  gen¬ 
eral,  the  single  point  statistics  in  the  wall  and  buffer 
regions  are  very  similar  to  the  closed  channel  results. 
The  effects  of  the  upper  boundary  are  apparent  in  the 
range  of  0.0  <  X3  <  —0.3  as  compared  to  similar  data 
from  the  closed  channel  calculations. 

3.  Fluctuating  Vorticity 

The  near  wall  behavior  of  the  rms  vorticity, 
in  Fig.  1  is  similar  to  the  prior  results  of  Kim,  Moin 
and  Moser*.  Near  the  free  surface  the  horizontal  com¬ 
ponents  of  vorticity  vanish,  while  the  vertical  compo¬ 
nent  approaches  a  constant  value  of  =  0.035. 

This  can  be  compared  to  0.057  at  the  centerline  for  a 
low  resolution  closed  channel  simulation  performed  at 
NRL  and  0.042  for  the  results  Kim,  Moin  and  Moser*. 
A  Taylor  series  expansion  about  the  top  boundary  in¬ 
dicates  that  u'l  and  W3  both  approach  zero  linearly. 
A  physical  explanation  of  why  |  ^  |>|  ^  I  as  the 
free  surface  is  being  approached  can  be  developed  by 
examining  the  uiui  balance  equations. 


The  relationship  of  enstr^phy  to  fluctuating  vor¬ 
ticity  is  similar  to  the  relationship  of  turbulent  kinetic 
energy  to  fluctuating  velocity.  The  balance  equations 
are  derived  in  the  same  manner  as  the  balance  equa¬ 
tions  for  the  components  of  the  Reynolds  stress  ten¬ 
sor.  The  equations  for  the  mean  and  instantaneous 
vorticity  are  multiplied  the  mean  and  instantaneous 
vorticity,  respectively.  These  equations  are  time  av¬ 
eraged  resulting  in  equations  for  the  mean  enstrophy 
and  the  mean  equation  of  the  instantaneous  enstro¬ 
phy.  Subtracting  the  latter  from  the  former  yields 
the  equation  of  the  mean  fluctuating  enstrophy.  As 
in  the  case  of  the  Reynolds  stress  tensor,  the  equa¬ 
tions  for  the  individual  components  of  the  enstrophy, 

can  be  formulated.  The  details  of 
the  derivation  of  the  balance  equation  for  the  fluctu¬ 
ating  enstrophy  are  contained  in  Balint,  Vukoslavce- 
vic  and  Wallace*.  The  steady  state  balance  equations 
are: 

_  ^TTl  r  _ 


_ dUi  dui 


m 


—  u- 


"SuTSui 


dxj*  dXjdXj' 

with  t  =  1,2  or,  3  for  the  component  equations  and 
an  implied  summation  for  the  total  fluctuating  en¬ 
strophy. 

According  to  Tennekes  and  Lumley*  and  Balint*, 
et  al.,  the  eight  t?rms  of  the  enstrophy  balance  equa¬ 
tion  have  the  following  interpretation: 


(1)  The  convection  of  the 
fluctuating  enstrophy, 

(2)  — U;  IVsnsport  of  fluctuating 

enstrophy  by  fluctuating  velocity, 

(3)  — Gradient  production 
of  enstrophy, 

(4)  production 
by  mean  velocity  gradient, 

(5)  production 

by  fluctuating  velocity  gradient. 

(6)  :  Mixed  production, 

(7)  1/*  :  Viscous  diffusion, 

(8)  Viscous  dissipation. 


The  interpretation  of  terms  1  —  6  can  be  ex¬ 
panded  by  examining  the  non-linear  term  of  the  vor¬ 
ticity  equation  from  which  they  were  derived: 

Vxux  w  =  (  w  ■  V)u  -  (u  •  V)  w.  (10) 
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The  ftxst  tenn  ia  the  emooni  of  inataaUneous  stretch¬ 
ing  or  rotation  of  the  vorticity  by  the  gradient  of  the 
velocity  field.  Folloiving  Batchelor*,  if  P  and  Q  are 
two  local  points  on  a  vortex  line,  then 


( 


u  ■  V)«  s  I  w|  lim 

'PQ^oPQ 


(11) 


where  6n  is  the  variation  u  ovn  the  distance  PQ. 
That  component  of  <tt  which  is  aligned  with  w  acta  to 
stretch  or  compress  the  vorticity  while  the  component 
perpendicular  to  u  causes  the  vortex  line  to  undergo 
instantaneous  rigid  body  rotation.  For  example  if  we 
assume  the  vorticity  is  aligned  in  the  xa  direction  then 


is  the  rotation  of  the  vorticity  vector  from  the  U13  com¬ 
ponent  to  the  wi.  A  similar  interpretation  holds  for 
walU^.  In  the  remaining  direction  the  vorticity  and 
the  velocity  gradient  are  aligned  and  stretching  or 
compressing  of  the  vorticity  occurs.  This  is  shown 
in  Fig.  2.  The  second  term  on  the  right  hand  side  of 
equation  (10)  ia  the  convective  part  of  the  substantial 
derivative. 

Terms  (1),  (2),  and  (3)  of  Eq.  8  can  be  identi¬ 
fied  with  the  convective  part  of  the  nonlinear  terms: 
(])  and  (2)  can  be  considered  as  transport  terms  and 
(3)  being  a  gradient  production  term.  For  the  ge¬ 
ometry  under  study  term  (1),  transport  by  the  mean 
velocity  ia  lero.  Terms  (4),  (5)  and  (6)  are  stretch- 
ing/compression/rotation  terms.  Term  (4)  accounts 
for  the  production  of  uiui  due  to  the  rotation  of  uj 
into  wi  by  This  term,  which  ia  non-zero  only 
for  t  =  1,  and  i  =  2  represents  the  action  of  the 
mean  velocity  on  the  fluctuating  vorticity.  Term  (5) 
is  the  production  of  enstrophy  doe  to  the  stretch¬ 
ing/compression  and  rotation  of  fluctuating  vorticity 
by  the  fluctuating  velocity  field.  As  will  be  shown 
later,  this  is  an  important  term  near  the  free-surface. 
Term  (6),  the  so-called  mixed  production  term  ac¬ 
counts  for  the  production  of  enstrophy  due  to  the 
stretching  and  rotation  of  the  mean  vorticity  field, 
Hs,  by  the  fluctuating  velocity  fields,  Uj.  This  term 
represents  the  action  of  the  fluctuating  velocity  field 
on  the  mean  vorticity  field.  The  last  two  terms  are  in¬ 
terpreted  as  viscous  dilluaion  and  viscous  dissipation 
of  fluctuating  enstrophy. 

5.  The  Enstrophy  Balances 

The  terms  of  Eq.  (8)  have  been  calculated  and 
are  shown  in  Fig.  3.  They  are  normalized  by  the  ini¬ 
tial  free-surface  velocity  and  the  channel  height.  The 
balance  for  the  total  enstrophy  and  its  components 
near  the  free  surface  are  in  Figs.  4  a-d.  Gains  in  en¬ 
strophy  are  indicated  on  the  right  hand  side  of  these 


Fig.  2.  A  schematic  of  vortex  stretching  and  rotation 
by  the  fluctuating  velocity. 

figures.  The  individual  terms  give  a  better  indication 
of  the  mechanisnu  by  which  the  enstrophy  is  gener¬ 
ated  and  destroyed.  Note  that  the  scale  of  the  ab¬ 
scissa  has  been  changed  between  Fig.  4a  and  Figs. 
4b-d. 

5.1  Balance  Near  the  Wall 

The  majority  of  the  production  and  dissipation 
of  vorticity  fluctuations  occurs  near  the  wall  where 
the  mean  velocity  gradient  and  the  mean  spanwise 
vorticity  are  large.  In  a  very  thin  region  near  the  wall 
the  diffusion  and  dissipation  of  enstrophy  are  in  bal¬ 
ance.  In  the  region  (-0.8  >  *2  >  -0.95)  the  mixed 
production  term  (6),  the  production  by  the  mean  ve¬ 
locity  gradient  term  (4),  and  the  turbulent  produc¬ 
tion  terms  (5)  are  the  dominate  sources  for  fluctuat¬ 
ing  enstrophy,  in  increasing  importance  away  from 
the  wall.  These  terms  are  the  rotation/stretching 
terms  of  the  balance  equations.  The  gains  are  al¬ 
most  completely  balanced  by  the  viscous  dissipation. 
The  transport/convection  related  terms  are  all  small. 
With  the  exception  of  near  the  free  surface,  the  terms 
of  the  individual  balances  decrease  with  increasing 
distance  from  the  wall.  Near  the  free-surface  there  is 
a  thin  region  (Z2  >  —0.10)  of  significant  change.  De¬ 
tails  of  the  individual  balances  near  the  wall  can  be 
found  in  Leighton,  et  al.^. 

5.2  Balance  Near  the  Surface 

As  can  be  seen  in  Fig.  4a,  the  viscous  dissipa¬ 
tion  of  enstrophy  (8)  and  the  turbulent  production 
(5)  dominate  in  the  region  —0.10  >  X2  >  -0  33.  In 
this  region  there  is  still  some  production  of  fluctuat¬ 
ing  enstrophy  by  the  mean  velocity  gradient.  Since 
the  mean  velocity  gradient  must  approach  zero  at  the 
shear  free  surface,  the  enstrophy  production  due  to 
the  mean  gradient  must  go  to  zero.  Turbulent  pro¬ 
duction  of  enstrophy,  the  dominate  production  mech¬ 
anism  for  the  upper  1/3  of  the  channel  decays  rapidly 
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for  X]  >  —0.05.  Vixcoua  difliitioD  and  turbulent 
tranaport  act  to  increaae  the  enatrophy  in  the  region 
Z]  >  —0.10.  Enatrophy  diaaipation  balancea  the  pro¬ 
duction  and  diifuaion  near  the  top  boundary.  In  the 
thin  region  y  >  -0.08  the  significant  changes  in  the 
teriris  of  Eq.  8  can  be  understood  by  examining  the 
component  terms. 

Figs.  4b-d  show  the  level  of  gain  or  loss  for  each 
component  of  enatrophy  near  the  surface.  In  the  up¬ 
per  1/3  of  the  channel  the  transport  term  becomes  rel¬ 
atively  more  important,  albeit  the  term  is  still  small. 
The  fluctuating  normal  velocity  field  transports 
and  wsws  towards  the  surface.  As  the  gradients  in 
and  0*3  increase  near  the  surface,  there  is  a  cor¬ 
responding  increase  in  the  enatrophy  transport  (see 
Fig.  1).  The  action  of  the  transport  term  of  wjwa, 
while  always  small,  is  to  reduce  the  level  of  normal 
vorticity  near  the  surface. 

Figs.  4b  and  4c  show  that  the  mixed  production 
terms  do  play  a  role  in  the  top  of  the  channel,  but  ap¬ 
proach  sero  as  the  shear-free  surface  is  approached. 
It  is  interesting  to  note  that  the  mixed  production 
term  for  the  uiUT  balance  equation  is  negative  in  the 
region  (0.0  >  y  >  —0.33)  and  almost  completely  bal¬ 
anced  by  the  production  due  to  the  mean  velocity 
gradient.  In  the  case  of  uiui,  this  term  expresses  the 
effect  of  the  rotation  of  the  mean  vorticity  vector  by 
the  fluctuating  velocity  field  to  cancel  the  fluctuating 
axial  vorticity.  This  is  done  at  nearly  the  same  rate 
at  which  vorticity  is  being  rotated  out  of  the  mean 
vorticity  into  the  fluctuating  normal  vorticity  by  the 
fluctuating  normal  velocity. 

The  dissipation  and  diffusion  curves  in  Figs.  4b- 
d  indicates  a  strong  dependence  of  the  diffusion  and 
dissipation  process  on  the  orientation  of  the  vorticity. 
Viscous  diffusion,  which  has  been  negligible  in  the  re¬ 
gion  —0.1  >  y  >  —0.85  becomes  the  dominate  source 
for  the  horisontal  components  of  enatrophy  (wiwi  and 
W3U>3)  near  the  surface,  (y  >  —0.05).  Due  to  the  re¬ 
flective  nature  of  the  shear  free  boundary,  the  horizon¬ 
tal  components  of  vorticity  go  to  zero  at  the  bound¬ 
ary  and  any  such  vorticity  near  the  boundary  will  be 
influenced  by  the  anti-parallel  image  vorticity.  The 
effect  of  the  image  vorticity  or  equivalently  the  shear- 
free  boundary  is  to  increase  diffusion  of  the  vortic¬ 
ity  in  the  fluid  towards  its  image,  and  in  the  process 
increase  the  dissipation  of  enatrophy.  For  the  nor¬ 
mal  component  (W3W3)  the  process  of  dissipation  and 
diffusicMi  are  entirely  different.  In  this  case  the  im¬ 
age  vorticity  is  not  anti-parallel  vorticity  promoting 
diffusion,  but  simply  a  continuation  of  the  physical 
vorticity  across  the  shear-free  interface.  The  dissipv 
tion  of  the  mean  square  fluctuating  normal  vorticity 
in  Fig.  4c  is  related  to  the  radial  diffusion  of  norm^ 
vorticity. 


Fig.  3.  The  terms  of  Eq.  8. 


Also  apparent  in  Figs.  4b-d  are  the  differences 
in  the  characteristics  of  the  turbulent  production  and 
the  transport  of  enstrophy  between  the  cases  of  the 
horizontal  vorticity  and  the  vertical  vorticity.  With 
the  exception  of  the  mean  and  mixed  production, 
terms  (4)  and  (5)  the  horizontal  terms  are  similar.  In 
the  upper  1/3  of  the  channel,  the  turbulent  produc¬ 
tion  of  enstrophy  contributes  positively,  exhibiting  a 
generally  slow  decline  with  increasing  distance  from 
the  solid  wall.  However  in  the  layer  —0.05  >  y  >  -0.1 
the  decline  stops,  and  at  least  for  the  transverse  com¬ 
ponent  of  enstrophy,  there  is  a  slight  increase  in  pro¬ 
duction.  Since  Qj  and  Ha  approach  zero  at  the  shear- 
free  boundary,  the  production  of  these  components  of 
enstrophy  must  also  approach  zero.  The  non-zero  tur¬ 
bulent  production  of  the  normal  component  of  enstro¬ 
phy  at  the  surface  is  a  result  of  the  shear-free  bound¬ 
ary  and  a  normal  strain  field,  which  will  be  discussed 
later. 

The  production  term  (5)  is  further  separated  into 
the  various  stretching  and  rotation  components  in 
Fig.  5.  For  all  three  enstrophy  components  the  pro¬ 
duction  due  to  stretching  dominates.  For  the  stretch¬ 
ing  terms  to  be  relevant,  there  must  be  some  strain 
aligned  with  the  vorticity.  While  this  strain  is  not  ac¬ 
counted  for  by  the  existence  of  the  anti-parallel  image 
vortex,  numerical  experiments  involving  interacting 
vortex  rings  or  vortex  tubes  indicate  a  rapid  increase 
in  the  component  of  strain  aligned  with  the  vorticity 
during  the  vortex  reconnection.  A  similar 
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Fig.  4a.  Enstrophy  balance  in  a  turbulent  open 
channel  flow  neat  the  free  surface. 


Fig.  4b.  Mean  square  fluctuating  axial  vorticity  bal¬ 
ance  in  a  turbulent  open  channel  flow  near  the  free 
surface. 


process  may  be  relevent  when  the  horizontal  compo¬ 
nents  of  vorticity  ^proach  the  top  surface.  The  flow 
field  transporting  the  vorticity  to  the  free  surface  may 
also  be  responsible  for  the  strain. 

Although  the  rotation  terms  are  small  and  de¬ 
clining  as  the  surface  is  approached,  the  terms  repre¬ 
senting  the  rotation  of  vorticity  from  the  axial  to  the 
transverse  direction  and  from  the  transverse  to  the 
axial  have  small  increases  near  the  boundary.  This 
may  be  due  to  the  rotation  of  small  eddies,  having 
vorticity  components  parallel  to  the  surface  by  large 
eddies. 


Fig.  4c.  Mean  square  fluctuating  normal  vorticity 
balance  in  a  turbulent  open  channel  flow  near  the  free 
surface. 


Fig.  4d.  Mean  square  fluctuating  transverse  vorticity 
balance  in  a  turbulent  open  channel  flow  near  the  free 
surface. 

The  enstrophy  balance  in  the  vertical  (xj)  direction 
shows  the  effect  of  attachment  of  the  normal  vortic¬ 
ity  to  the  free  surface.  The  turbulent  production  of 
U3W2  varies  slightly  in  the  upper  1/3  of  the  channel. 
However,  as  can  be  seen  in  Fig.  5  the  production 
mechanism  changes  with  increasing  distance  from  the 
shear-free  boundary.  Near  the  surface,  xj  >  -0.08, 
the  stretching  of  the  vorticity  is  important.  Below 
(X2  <  —0.08)  the  gain  in  enstrophy  is  due  to  rotation 
of  the  fluctuating  vorticity  field,  and  stretching  has 
become  negligible.  The  source  of  the  strain  near  the 
free-surface  is  probably  the  flow  induced  by  the  low 
pressure  within  the  vorticity  attached  to  the  surface 
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Fkotii  figoK  5,  it  if  spparait  that  the  term  in 
Eq.  8  moat  teaponaible  for  the  production  of  en- 
atrophy  ia  tranavoae  atieCehing  tranaverae  vortie- 
ity,  ‘^3^-  Fifuio  8  ia  a  plot  of  thia  property  for 
the  plane  xj  s  —0.05.  The  turbulent  atructurea  or 
eventa  reaponaible  for  goMrating  thia  component  of 
the  enatrophy  are  localiied  and  intenae.  The  contour 
int«vala  ate  lOwauf^.  To  more  clearly  identify  the 
atructurea  aaaodated  with  the  localiaed  production, 
hiatogranoa  of  the  level  of  production  by  turbulent 
atretching  have  been  determined  and  are  contained 
in  Leighton^,  et.al.  Fnm  the  hiatograma  it  waa  deter¬ 
mine  that,  at  thia  plane  (xj  =  -0.05)  that  approxi¬ 
mately  3-6%  of  the  area  waa  reaponaible  for  30—60% 
of  the  turbulent  enatrophy  production.  Thia  behav¬ 
ior  ia  typical  for  for  all  nine  componenta  of  term  (5), 
Eq.  8.  Thia  concluaion  waa  verified  by  calculating 
the  akewneaa  and  flatneaa  for  theae  production  terma. 
For  each  of  the  nine  caaea  the  akewneaa  and  flatneaa 
factora  were  large  (10- 10’  for  akew  and  10’  - 10'*  for 
flatneaa). 

Baaed  on  the  obaervation  of  production  eventa  lo¬ 
cal  in  apace,  and  the  behavior  of  the  average  fluctuat¬ 
ing  vorticity,  two  modela  of  the  interaction  of  vortidty 
with  the  aurface  were  developed. 


6.1  Two  modela  tot  the  production  evento 

The  two  propoaed  modela  of  the  interaction  of 
vorticity  with  the  free  aurface  can  be  deacribed  aa 
‘the  apin  model’  and  ‘the  aplat  model’.  Theae  mod¬ 
ela  are  aimilar  to  and  have  been  infleuenced  by  the 
modela  preaented  by  Kqh  and  Bradahaw*  and  Hunt*. 
Although  the  namea  are  meant  to  be  auggeative  of 
the  kinematica  of  the  enatrophy  producing  eventa,  the 
modela  are  aiinilar  to  the  modela  by  the  aame  name 
for  the  pieaaure  aource  temoa  deacribed  in  Ref.  9. 

In  the  ‘apin’  model,  a  vortical  structure  originat¬ 
ing  in  the  buffer  layer,  tilts  downstream  and  is  at¬ 
tached  to  the  free  surface  in  a  quasi-stabie  configu¬ 
ration.  Thia  model  ia  relevent  when  diacuaaing  the 
vertical  component  of  enatrophy.  Theae  structures, 
which  can  be  liken  to  vortex  tubes  connected  to  the 
free  surface  have  been  observed  in  flow  visualizations 
of  the  DNS  dataset  of  the  open  channel  flow.  Within 
these  vortex  tubes  there  is  a  significant  ‘down  draft’. 
It  is  conjectured  that  thia  down  draft  ia  reaponaible 
for  the  transport  of  enatrophy  away  from  the  surface 
and  provides  the  strain  necessary  to  maintain  these 
structures.  Were  it  not  for  theae  down  drafts,  and 
the  vorticity  intensification  they  provide,  these  vorti¬ 
cal  structures  would  eventually  diffuse  and  cancel. 


Fig.  5.  inrbulent  production  of  fluctuationg  enstro- 
phy  by  stretching  (  heavy  lines)  and  rotation  (light 
lines), 

The  eventual  diffusion  has  been  seen  in  a  simulation 
of  vortex  reconnection  in  which  there  was  no  down 
draft.^*  In  this  case  there  waa  radial  difluaion  of  vor¬ 
ticity  from  the  core  near  the  intersection  of  the  vortex 
ring  and  the  shear-free  surface. 

In  the  ‘splat’  model  a  volume  of  fluid  ‘contain¬ 
ing’  vorticity  impacts  the  free  surface,  leading  to 
stretching,  intensification  and  cancellation  of  vortic¬ 
ity.  The  fluctuating  normal  velocity  field  promotes 
the  increase  of  horizontal  component  enatrophy  near 
the  free  surface  by  two  mechanisms:  transport  and 
vortex  stretching.  Due  to  the  large  gradient  in  wiwi 
and  u>au>s  near  the  top  boundary,  the  vertical  velocity 
fluctuations  provide  an  efficient  means  of  transporting 
vorticity  to  the  free  surface.  Aa  the  turbulent  eddy 
approadea  the  top  boundary  the  vertical  momentum 
is  deflected  into  the  horizontal  direction.  During  this 
‘splat’  event,  the  vorticity  contained  in  a  turbulent 
eddy  interacting  with  the  top  surface  will  be  rotated 
parallel  to  the  boundary  and  stretched.  The  vortic¬ 
ity  in  the  fluid  near  the  free  surface  will  be  subjected 
to  a  large  strain  and  will  have  a  large  gradient  due 
to  the  proximity  of  its  reflected  image.  This  leads  to 
increased  production  of  fluctuating  enatrophy  by  the 
fluctuating  velocity  fields  and  to  large  enatrophy  dis¬ 
sipation  or  vorticity  cancellation.  Other  details  about 
this  type  of  model  can  be  found  in  Ref.  9. 
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7.  Conditional  STnoUag  aad  Emembte  Av«»Kim 

To  verify  that  the  two  models  are  qualitatively 
correct,  the  open  channel  flow  was  conditionally  sam¬ 
pled  on  the  plane  zj  s  -0.05.  The  condition  used 
was  that  the  local  value  of  the  enstrophy  production 
by  vortex  stretching  (  rotation  was  not  considered  ) 
exceeded  the  mean  value  by  a  factor  of  ten,  and  that 
the  production  was  a  local  maximum.  The  enstro¬ 
phy  production  at  the  locations  determined  by  the 
first  condition  accounted  for  approximatedly  50%  of 
the  production  by  stretching  and  rotation,  but  only 
about  2%  of  the  area.  For  the  spanwise  component, 
only  detected  events  with  negative  vorticity 
were  couidered.  There  were  approximately  an  or¬ 
der  of  magnitude  more  events  with  negative  vorticity 
contributing  to  the  turbulent  production  of  spanwise 
enstrophy  than  events  with  positive  vorticity.  For  the 
remaining  components,  only  events  with  positive  vor¬ 
ticity  were  considered.  In  this  case  there  were  as  many 
positive  as  negative  vortical  events  detected. 

Certain  properties  associated  with  these  events 
have  been  ensemble  averaged  and  are  shown  in  figures 
7  —  10.  The  properties  are  averaged  on  a  vertical  line 
through  the  detected  events.  The  ensemble  averaged 
vorticity,  shown  in  Fig.  7  are  larger  than  those  shown 
in  Fig.  1,  almost  by  a  factor  of  ten,  an  indication  that 
these  events  are  substantial  contributors  to  the  rms 
vorticity. 

7.1  The  Spin  Event 

As  discussed  above  the  spin  model  involves  a  vor¬ 
tical  structure,  like  a  vortex  tube  attached  to  the  free 


surface  and  extending  into  the  buffer  layer.  The  ex- 
istance  of  substantial  ensemble-averaged  vertical  vor¬ 
ticity  in  regions  far  from  the  free  surface,  as  seen  in 
Fig.  7  supports  the  conceptual  model  of  an  attached 
vortex  tube. 

Fig.  8  is  the  ensemble-averaged  vertical  velocity. 
In  the  case  of  the  normal  component  of  enstrophy, 
the  negative  velocity  will  stretch  the  attached  vertical 
vorticity.  This  is  the  down-draft  within  the  vortex 
tube  mentioned  earlier.  The  peak  negative  velocity 
occurs  at  Z2  at  —0.15.  The  strain  rates  are  shown 
in  Fig.  9.  The  peak  in  the  normal  strain  occurs  at 
the  surface,  again  consistant  with  the  proximity  of  the 
vortex  stretching  with  the  free  surface.  The  strain 
and  the  resulting  vortex  stretching  are  negative  for 
X2  <  —0.15.  This  may  be  due  in  part  to  the  tilting  of 
the  vortical  structure  in  the  main  part  of  the  flow. 

The  final  figure  is  the  rate  of  dissipation  of  en¬ 
strophy  for  each  of  the  components.  The  normal  vor¬ 
ticity  is  largely  unaffected  by  its  image  and  has  a  low 
level  of  dissipation.  Due  to  this  small  dissipation,  it 
is  copjectured  that  these  evenU  will  have  a  longer  du¬ 
ration  than  the  ‘splat’  events. 

7.2  The  Splat  Event 

Although  the  conditionally  sampled  results  are 
consistant  with  both  the  model  and  the  RMS  vorticity 
distributions,  they  donot  explain  the  greater  intensity 
of  the  u^s  components.  The  location  of  the  maucimum 
transverse  vorticity  is  above  the  conditioning  plan, 
y  s  -0.05  while  the  maximum  for  the  axial  vorticity 
is  below.  This  characteristic  and  the  amplitude  of  the 
maximum  are  consistant  with  their  rms  values. 


Fig.  6.  Enstrophy  production  due  to  transverse  stretching  of  transverse  vorticity  (  Planview  of 

plane  y  =  -0.05.  Contours  are  for 
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Fig.  8  is  the  vertical  velocity  aaweiated  with  theee 
evente.  For  the  rising  turbulent  eddy  of  the  model 
the  vertical  velocity  is  positive,  resulting  in  a  ‘splat’ 
at  the  surface.  The  strain  rates  |||^  are  shown  in 
figure  9.  The  transverse  strain  is  larger  is  the  axial 
strain.  This  is  consistent  with  the  larger  transverse 
turbulent  production  and  vorticity. 

Fig.  10  is  the  rate  of  dissipation  of  enstrophy  for 
each  of  the  componoita.  The  terms  in  Xi  and  za  ditec* 
tion  are  similar.  The  dissipation  occurs  very  close  to 
the  boundary  and  is  very  intense:  approximately  an 
order  of  magnitude  larger  than  the  mean  value.  Due 
to  the  reflective  nature  shear>&ee  boundary  there  ex* 
ists  an  image  vorticity  across  the  boundary  resulting 
in  annihilation  of  vorticity  near  the  shear-free  bound¬ 
ary. 

8.  Conclusions 

The  enstrophy  balance  equations  have  been  eval¬ 
uated  for  a  direct  numerical  simulation  of  turbulent 
open  channel  flow.  The  free  surface  has  been  mod¬ 
eled  as  a  shear-free  boundary.  Near  the  free  surface 
there  are  two  dominate  sources  of  enstrophy;  Trans¬ 
port  due  to  velocity  fluctuations  and  production  due 
to  the  vortex  stretching  and  rotation  by  the  velocity 
fluctuations.  At  the  free  surface,  diffusion  is  the  dom¬ 
inate  source  of  enstrophy.  The  gains  in  enstrophy  are 
balanced  by  enstrophy  dissipation.  When  the  compo¬ 
nents  of  the  total  enstrophy  are  considered  individu¬ 
ally,  the  components  parallel  to  the  surface,  (uiwi  and 
uauS)  are  found  to  be  responsible  for  the  variation  in 
the  balances  near  the  surface.  The  balance  equations 
for  wjwj  show  little  variation  near  the  surface. 

Two  models,  referred  to  as  the  ‘spin’  and  ‘splat’ 


Fig.  7.  Ensemble  averaged  vorticity,  conditioned  by 
the  requirement  that  wiun 
- 1  (wi); . ,  (wa); - ,  (wa). 


models  can  be  used  to  explain  this  behavior  The 
splat  model  is  similar  to  the  model  discussed  in  Hunt* 
in  which  an  eddy  is  swept  to  the  surface.  The  result¬ 
ing  redistribution  of  normal  momentum  into  horison- 
tal  momentum  ».  lll  stretcl  and  intensify  an*^  vc.ticity 
transported  in  the  eddy  Due  to  the  image  vorticity 
resultina  from  the  reflective  nature  of  the  free  surface, 
the  intense  vorticity  will  quickly  cancel  with  its  image 
and  the  enstrophy  dissipation  will  be  enhanced. 

Fundameitai  to  the  ‘spin’  model  is  a  stable  vor¬ 
tical  structure  originating  in  the  buffer  layer  and  ex¬ 
tending  to  the  free  surface.  The  mild  variation  of 
the  normal  balance  is  a  result  of  the  quasi-stable  na¬ 
ture  of  the  attached  structure.  Without  close  anti¬ 
parallel  image  vorticity,  these  structures  do  not  dis¬ 
sipate  quickly.  The  downflow  within  these  vortical 
structures  result  in  sufficient  strain  to  maintain  the 
vorticity  against  the  effects  of  viscous  diffusion. 

A  large  portion  of  the  production  of  enstrophy 
near  the  free  surface  is  due  to  these  highly  localized 
intense  events.  The  area  respoiuible  for  this  produc¬ 
tion  is  very  small.  Approximately  3  —  6%  of  the  area 
on  the  plane  Z2  =  —0.05  is  responsible  for  30  -  €0% 
of  the  production.  Conditionally  sampling  and  en¬ 
semble  averaging  the  production  events  verified  that 
their  characteristics  are  consistent  with  the  proposed 
models. 
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Fig.  8.  Ensemble  averaged  vertical  velocity. 
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Fig.  9.  Enaemble  averaged  strain. 
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Fig.  10.  Ensamble  averaged  dissipation  of  en- 
strophy. 
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Ahetraet 

The  velocity  data  from  a  direct  ntunehcal  aimu- 
lation  of  low  Reynolds  number  turbulence  in  an  open 
channel  have  been  used  to  compute  the  terroa  in  the 
budget  equations  for  the  turbulence  kinetic  energy, 
the  dissipation  of  turbulence  kinetic  energy  and  the 
Reynolds  streasas.  The  budget  data  show  that  the  dis¬ 
sipation  rates  of  the  horiaontal  componenu  of  the  tur¬ 
bulence  are  reduced  near  the  surface  while  the  dissipa¬ 
tion  of  the  vertical  component  remains  ^proximateiy 
constant.  The  data  also  show  that  the  pressure-strain 
term  is  the  dominant  producing  term  for  the  spanwiae 
component  of  energy  in  the  near  surface  region.  A 
model  for  this  behavior  valid  for  flows  exhibiting  ho¬ 
mogeneity  in  the  spanwiae  and  streamwise  directions 
is  proposed  and  tested  against  the  data.  In  general 
the  model  is  found  to  work  well  but  wider  testing  is 
necessary. 
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3£  Reynolds  stress  anisotropy 
s  functions  of 
w  terms  in  Eqs.  (5) 
s  model  constants 
s  gravitational  constant 
s  channel  height 
s  turbulence  kinetic  energy 
s  v/ur,  viscous  length  scale 
s  fluctuating  premure 
s  defined  in  Eqs  (fla,b) 

=  Gthlv,  Reynolds  number 
s  Urh/v,  wail  Reynolds  number 
s  mean  strain  rate 
s  v/ul,  viscous  timescale 
s  instantaneous  velocity  vector 
=  instantaneous  velocity  component 
s  fluctuating  velocity  component 
~  yffmfp,  frictimi  velocity 
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1.  Introduction 

The  turbulent  flow  below  a  gas-liquid  interface 
plays  an  important  role  in  diverse  areas  ranging  from 
environmental  flows  and  industrial  mixing  processes 
to  the  remote  sensing  of  ship  wakes.  The  near- 
boundary  influences  upon  transfer  and  diffusion  at  the 
interface  are  of  primary  c<»cem  in  environmental  and 
industrial  applications,  whereas  remote  senmng  issues 
ultimately  involve  any  surface  motions  that  may  be 
detectable.  For  example,  the  two  most  common  and 
persistent  features  seen  in  syntbetic-^ieiture-radar 
images  of  ship  wakes  are  bright  ’narrow  vees”  and 
long  dark  ’scats” ,  which  may  be  a  result  of  surface 
Bragg  wave  generation  or  modification  through  inter¬ 
actions  with  near  surface  turbulence.  Common  to  all 
of  these  problems  is  the  need  for  a  better  understand¬ 
ing  of  the  structure  of  turbulence  below  a  free  surface 

For  several  decades  it  has  been  realised  that  the 
presence  of  a  free  surface  influences  the  evolution  of 
mean  velocity  and  turbulence  but  the  mechanisms 
have  not  been  completely  described.  Early  observa¬ 
tions  of  Nikuradse^  showed  the  flow  in  straight  open 
channels  to  be  three-dimensional  and  that  the  max¬ 
imum  of  the  streamwise  mean  velocity  occurs  below 
rather  than  emneideak  with  the  free  surface.  More 
recently,  the  studies  of  Ueda*  and  Komori  et  al.’  for 
open  channel  flows  Aowed  ^at  the  eddy  viscosity  » 
significantly  attenuated  by  the  prsssnee  of  the  free 
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nuCkM.  la  tbt  Utter  paper  it  ia  aUo  ehova  that  in 
a  legioa  aaar  the  frae  Mikace  the  aarface-Bonnal  va- 
loeity  flttCtuatMoa  an  diminiehed  wfaik  the  fltteta*> 
tiona  ia  the  pUae  of  the  eurbce  are  iacreaaed.  The 
largest  iaerease  ia  the  aear^suifiKe  regkm  ia  ia  the 
•paawiae  componeat.  This  paper  also  iadicatea  that 
the  viaeona  dWpatioa,  <,  haa  vaaiahiagly  amall  aor^ 
mat  gradient  near  the  free  surface.  A  aiinUar  redistri¬ 
bution  of  the  turbukace  intensitica  was  observed  by 
Thomas  sad  Haacoek.*  Ia  their  work  a  moving  wall 
experiment  was  devised  such  that  the  wall  moved  at 
the  velocity  of  the  adjacent  turbulent  luid  so  that  no 
velocity  gradienta  aad  shear  ctreases  were  present  at 
the  wall,  coaditiooa  similar  to  those  at  an  uncontami¬ 
nated,  waveUas  free  surface.  Damping  of  the  velocity 
fluctuations  in  the  wall-nonnal  direction  accompanied 
by  an  increase  in  the  streamwiae  fluctuations  was  ob¬ 
served.  The  spanwise  fluctuations  were  only  slightly 
increased.  In  recent  experimental  studies  by  Ramberg 
et  al.*  and  Sweaa  et  single-point  hot-ftlm  mea¬ 
surements  of  the  velocity  correlations  were  obtained 
near  the  free  surface  in  a  jet  flow.  These  measure¬ 
ments  also  showed  the  existence  of  a  thin  layer  near 
the  free  surface  wherein  the  redistribution  of  turbu¬ 
lence  energy  occurred  rapidly  with  most  of  the  verti¬ 
cal  component  transferring  into  the  spanwise  compo¬ 
nent,  an  observation  similar  to  that  of  Komori  et  al. 
referenced  above. 

All  of  the  above  experiments  experienced  prob¬ 
lems  in  acquiring  data  very  near  the  surface.  The  hot- 
film  studies  suffer  from  the  effects  of  probe  contam¬ 
ination  aad  bioJaige  brought  about  by  the  intrusive 
sensor  near  the  boundary.  Laser  doppler  velocimetry 
methods  have  problems  due  to  reflection  and  refrac¬ 
tion  at  the  free  surface.  As  a  result  of  the  experimen¬ 
tal  problems  associated  with  obtaining  reliable  mea¬ 
surements  near  an  air-water  interface,  the  situation  is 
that  conaiderabiy  leas  is  known  about  the  character¬ 
istics  of  turbulence  near  a  free  surface  as  opposed  to 
flow  near  to  aolid  walls. 

Due  to  the  interest  and  relevance  of  the  prob¬ 
lem,  a  direct  numerical  simulation  of  turbulent  open 
channel  flow  has  been  performed  by  Leighton  et  al.* 
This  paper  is  an  analysis  of  time-averaged  data  from 
Leighton’s  calculation  with  the  goal  of  evaluating  and 
improving  turbulence  models  for  use  in  practical  cal¬ 
culations  of  the  near-surface  flow.  In  the  next  section 
a  brief  description  of  the  calculation  is  given. 

2.  Direct  Numerical  Simulation 

The  incompressible  3D  Navier-Stokes  equations 
were  solved  for  initial  and  boundary  conditions  ap¬ 
proximating  a  turbulent  open-channel  flow  of  wa¬ 
ter  at  Re\  s  2340  baaed  on  the  channel  depth,  h, 
and  the  mean  steady  velocity  at  the  free  surface. 


Vt  »  w  h).  The  fovenuag  equations  were  re¬ 
cast  in  t^  manner  suggested  by  Otsag  aad  Patera* 
aad  in^lemnited  by  Kim,  lloia  aad  Moser**  for 
closed  channel  flow.  The  final  equation  system,  in 
which  the  pressure  has  been  eliminated,  consists  at  a 
4**  order  equation  fw  the  vertical  velocity, 


and  a  2"*  order  equation  for  the  vertical  vwticity. 


Ot  *  X  n)i 


X  O),,  (2) 

where  ail  variables  are  noo-dimensionalised  by  h  and 
0,  and  bold-face  type  indicates  vector  quantities  with 
n  s  (  V  X  U).  Following  solution  of  Eqs.  (1,2), 
the  streamwiae  and  spanwise  velocity  components 
(1^1  •  Us)  are  recovered  from  the  incompressibility  con¬ 
dition  sod  the  definition  of  vorticity. 


The  equations  are  solved  after  they  are  Fourier 
transformed  in  the  streamwiae  (xi)  and  spanwise  (xa) 
directions  and  Chebyshev  transformed  in  the  verticd 
direction  (xj).  The  calculations  were  performed  on 
a  48  X  65  X  64  grid  in  Xi.xj.xa  respectively,  which 
allows  the  resolution  of  aU  essential  turbulent  scales 
without  resort  to  subgrid  models.  With  the  geome¬ 
try  scaled  by  the  channel  height,  the  vertical,  stream¬ 
wiae  and  transverse  dimensions  of  the  channel  are  1 , 
4x  aad  3v/2,  respectively.  In  wall  units  the  domain 
is  134f*  X  1884/*  x  632^,  where  t*  s  h/R"  with 
If  s  134.  For  comparison  purposes  a  companion  cal¬ 
culation  was  performed  for  a  closed  channel  flow.  For 
reasons  of  economy  this  calculatimi  was  at  half  the 
wall-normal  resolution  of  the  open  channel  case  aad 
was  at  a  lower  Reynolds  numiter.  If  =  125.  Nev¬ 
ertheless  the  qualitative  behavior  of  the  data  for  ail 
aspects  examined  was  identical  to  that  reported  by 
Mansour,  Moin  and  Kim  (henceforth  MKM).**  As 
such  these  closed  channel  data  can  serve  in  certain 
instances  to  compare  qualitatively  the  different  be¬ 
havior  in  the  open  and  closed  channel  simulations. 


The  boundary  conditions  ace  periodic  on  all  de¬ 
pendent  variables  in  the  streamwiae  aad  spanwise  di¬ 
rections.  No  slip  cwditions  are  used  at  the  chan¬ 
nel  bottom  while  the  free  surface  is  approximated  as 
a  rigid  free  slip  surface  with  vanishing  shear.  The 
shear-free  rigid  lid  condition  is  an  appioximatioa  to 
the  exact  free  surface  conditioB  which  is  valid  at  low 
Froude  number  for  a  surface  free  of  any 

contaminants.  Lei^toa  et  al.*  have  estimated  the 
surface  displacement  s  potUriori  from  the  results  of 


Fig.  2  Prafilct  of  turboloMc  kiaotic  onergy  aad 
Reynolds  etreas  ncioM  the  cliaaiiel. 


the  simulation  and  using  the  channel  height,  h  = 
0.04m,  from  the  experiments  of  Komori  et  al.^  For 
these  conditions  the  rms  surface  deflections  could  be 
expected  to  be  approximately  1.6  x  10~'*m  (0.004fc) 
and  negligible  as  observed  in  the  laboratory  experi¬ 
ments.  For  later  reference  the  boundary  values  of  the 
dependent  and  derived  variables  at  the  wall  (xj  ~  0) 
and  free  surface  (xj  a  1)  are: 


{/,  =  =  f/j  =  n,  a 


dUi 


a  0;X]  a  0, 


(3) 


and 


dVi  __  dVi  _ 

dxi  dXi 


dil,  _  8*U, 
flxj  ”  dz| 


a  0:X3  a 


1. 


(4) 


The  derivative  conditions  on  Ut  arise  from  continuity 
considerations  at  the  respective  boundaries. 

The  computer  code  used  in  the  simulation  was 
designed  and  developed  to  run  on  the  CRAY  X- 
MP/24  at  the  Naval  Research  Laboratory.  Approxi¬ 
mately  10~*  seconds  per  timestep  per  grid  point  were 
required  for  the  simulation.  After  the  wall  shear  stress 
achieved  a  statistically  steady  behavior,  42  realisa¬ 
tions  of  the  instantaneous  velocity  data  were  saved 
during  a  time  interval  of  approxiinately  4000<*  where 
t*  s  Statistics  were  obtained  by  averaging  in 
the  streamwise  and  span  wise  directions  and  in  time. 

3  nisriMrion  of  Results 


wall  laws  u'*‘  s  x^  and  u'*’  =  2.51nz3  -f  5.5.  A 
beat  fit  of  the  present  data  for  the  logrithmic  region 
is  u***  =  2.4  In  X]  -f  5.6.  The  lower  slope  is  consis¬ 
tent  with  the  value  of  2.43  found  by  Netu  and  Rodi^’ 
for  open  channel  flows  over  a  Reynolds  number  range 
439  <  A*  <  6139.  The  intercept  is  near  the  up¬ 
per  bound  (5.29  ±  0.47)  found  in  their  experiments 
and  is  probably  a  low  Reynolds  number  effect. “  The 
notable  difference  between  the  velocity  data  in  Fig  1 
and  closed  channel  behavior  is  the  absence  of  a  clearly 
defined  wake  region  in  the  outer  flow,  rather  the  log 
law  is  maintained  until  very  close  to  the  free  surfrce 
when  the  velocity  adjusts  to  the  vanishing  gradient 
condition. 

Figure  2  slmws^e  normalised  turbulence  kinetic 
energy  k  =  ^(«f  -f  uj  -f  uj)  and  the  Reynolds  shear 
stress,  uiuj,  wbdcb  has  been  further  scaled  for  plot¬ 
ting  by  a  factor  as  shown.  According  to  the  boundary 
conditions  given  by  Eqs.  (3,4)  the  velocity  compo- 
nenu  and  pressure  can  be  expanded  about  the  free 
surface  as. 


tfi  =  O]  -t-OCy*) 

V2-hv  +  dsp*  +  0(/) 
ws  *  «s  +  CSV*  +  0(y*) 

P  =  «r  +  «sl»*+0(»*) 

where  y  is  defined  with  the  origin  at  the  free  surface 
U^of  tb|M  expansions  and  averagiag  resulu  in  ii  = 
-f  aj)  +  0(ii*)  near  the  anifaee  and  dk/dy  =  0 
at  the  surface  wU^  is  evident  in  the  figure. 


The  mean  velocity  normalised  by  Ur  is  shown 
in  Fig.  1.  Also  shown  by  the  dashed  lines  are  the 
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Fi(.  3  Profile*  of  nomul  •treae*  Mro**  the  cbennei 
ead  compuison  wi^  d*t»  of  Komori  et  *1.^ 
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Fif .  4  Profile*  of  nonnel  *tie*M9*  noraieliscd  by  the 
locel  value  of  turbulence  kinetic  energy.  Daabed  line* 
are  from  a  cioaed  channel  eimulation. 


Figure  3  *bo«*  the  three  componenu  of  k  from 
the  eimulation.  The  eymbol*  are  the  experimen¬ 
tal  result*  of  Komori  et  al.*  which  were  taken  at 
lUk  3100.  There  ia  qualitative  agreement  between 
the  experimental  and  numerical  reaulta.  Both  exhibit 
an  increase  in  the  horisontal  component*  as  the  free 
■urfaee  i*  ^proached  and  the  increase  i*  greatest  for 
the  apanwiae  cmnponent.  The  computed  local  mini¬ 
mum  at  the  apanwiae  component  occurs  further  from 
the  free  surface  than  in  the  atreamwiae  component 
which  ia  alao  consistent  with  the  experiments.  This 
behavior  is  more  easily  recognisable  in  Fig.  4  which 
contains  the  distributions  of  the  three  components  of 
the  turbulence  kinetic  energy  made  non-dimensional 
by  the  local  value  of  k.  Alao  diown  in  this  figure 
are  the  data  from  the  closed  channel  calculation  ref¬ 
erenced  in  the  previous  section  and,  as  noted,  these 
data  ate  presented  for  qualitative  comparison  only. 
For  the  closed  channel  calculation  the  X]  =  1  bound¬ 
ary  corresponds  to  the  channel  centerline.  Figure  4 
shows  that  near  the  free  surface,  xa  >  0.7,  most  of 
the  energy  from  the  vertical  ctunponent  is  transferred 
to  the  apanwiae  component  with  only  a  small  increase 
in  the  horisontal  component.  This  contrasu  with  the 
behaviors -of  the  various  emi^KMients  of  turbulence  en¬ 
ergy  in  the  closed  channel  simulation  where  the  rel¬ 
ative  interchange  of  energy  appears  to  be  primarily 
from  the  atreamwiae  component  to  the  vertical  in  the 
region  near  the  channel  centerline.  In  order  to  un¬ 
derstand  this  behavior,  the  budget  equations  of  the 
individual  velocity  correlations  have  b^n  examined. 


For  the  flow  under  consideration,  which  is  statis¬ 
tically  steady  and  homogeneous  in  the  apanwiae  and 
atreamwiae  directions,  the  transport  equations  for  the 
one-point  velocity  correlations  are. 


Dt 


0  »  Pi)  +  Ily  +  7i)  ■+■  fr«ji  +  Di)  ■“  €i) .  (6) 


The  symbols  on  the  right-hand  side  of  Eq.  (6)  denote 
the  rates  of  production,  pressure  dilfiisioo,  turbulent 
transport,  pressure  strain,  viscous  diffusion  and  dis¬ 
sipation,  respectively.  The  explicit  representations  of 
these  terms  are: 


0,1 


fij 


dzkdxt' 


s2i/ 


dtl) 

dxk  dxk ' 


The  equation  obtained  by  taking  half  the  trace  of 
Eq.  (6)  is  the  equatitm  fm  the  turbulence  kinetic  en¬ 
ergy,  k.  The  equation  for  the  trace  of  the  dissipation 
rate  tensor,  t  s  (en-f  cn-f  esa)/2,  is  given  by  Baqjalic 
and  Launder^’  as. 
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Fif .  5  DiatributioB  of  the  terme  in  the  bu<l4it  of  uf 
in  the  upper  half  of  the  channel. 


Fig.  6  Distribution  of  the  terms  in  the  budget  of  uj 
in  the  upper  half  of  the  channel. 
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d*t  dzhdxi 


^Ui  ^u,  3u7 

^  dxk  dxi  dxt 


2v  d  ^  bp  duk  \  d  f  duj  duj  \ 
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The  first  four  terms  are  production  terms  to  P^), 
while  terms  five  through  eight  are  pressure  transport 
(n,),  turbulent  transport  (r<),  viscous  diffusion  (D,) 
and  dissipation  (V),  respectively. 

The  terms  in  the  budget  equations  for  the  three 
normal  stresses  and  the  dissipation  rate  are  shown  in 
Fip.  5-8.  All  terms  in  Eqs.  (8,7)  have  been  normal¬ 
ised  by  uj/i/  and  the  budgets  are  displayed  only  for 
the  upper  half  of  the  channel  nearest  the  free  surface. 
Since  the  productkHi  of  turbulence  is  much  lower  than 
in  the  high  shear  region  close  to  the  solid  wall,  the  in¬ 
dividual  terms  in  the  equations  are  typically  an  order 
of  magnitude  lower  than  their  corresponding  values 
near  the  wall.  The  near-wall  data  are  available  in 
Leighton  et  al.*  and  are  very  similar  to  the  data  of 
MKM.“ 


Figure  5  shows  that  aw^  from  the  surface  all 
terms  in  the  uf  budget  have  the  same  relative  im¬ 
portance  except  Dll,  the  viscous  diffusion.  Moving 
toward  the  surface,  the  production  rate  vanishes  with 
the  mean  velocity  gradient.  At  the  wall,  the  viscous 


terms  balance  the  turbulence  transport  and  the  pres¬ 
sure  strain,  the  latter  having  become  a  slight  positive 
contributor  to  the  budget  very  near  the  wall.  The 
balai^  in  Fig.  6  is  relatively  more  complex  than 
that  for  u^.  For  this  component  the  magnitude  of  the 
budget  terms  near  the  free  surface  are  only  reduced  by 
about  one-half  from  their  values  near  the  -^lid  wail 
Near  the  free  surface,  the  asymtotic  behavior  of  the 
various  terms  can  be  determined  by  using  Eqs  (5)  as 

Djs  =  -  i(e^  -f  +  ■  ■ 

♦22  =  20^67  +  2(c^i2  +  3a^d2)y^  +  •  •  • 

D22  =  2(2^2  +  2452^21^  +  •  •  • 

<22  —  262^2  +  1252<f2y*  +  •  •  ■ 

It  is  seen  that  at  the  free  surface  <22  balances  D22  and 
the  two  pressure-velocity  terms  cancel.  Note  that  the 
pressure  strain  has  rapidly  become  a  consuming  term 
in  the  near-surface  region  whereas  it  had  been  a  ma¬ 
jor  producer  in  the  budget  equation  in  the  outer  flow 
This  is  jn  contrast  to  the  behavior  shown  in  Fig  7 
for  the  u|  component.  In  this  case  ^33  increases  near 
the  surface  an<^t  the  surface  is  coonderably  more 
of  a  source  for  u§  than  is  in  the  uj  budget.  This 
largely  explains  why  the  transverse  component  of  tur¬ 
bulence  kinetic  in  Fig.  4  is  increased  r^iveiy  more 
so  than  the  streamwise  component  as  uj  approaches 
zero  at  the  free  surface.  In  the  next  section  a  model 
for  this  behavior  is  proposed. 
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Fig.  7  DiJtribution  of  the  terms  in  the  budget  of  u| 
in  the  upper  half  of  the  channel. 

A  curious  feature  contained  in  Figs.  5  and  7  is 
the  behavior  of  tu  as  the  surface  is  approached  Mov¬ 
ing  toward  the  free  surface  the  dissipation  rates  ex¬ 
hibit  a  sharp  drop  in  magnitude  in  the  upper  5-10%  of 
the  channel.  The  (33  on  the  other  hand  shows  a  very 
slight  increase  in  magnitude  and  could  well  be  approx¬ 
imated  as  constant  in  this  region.  This  behavior  is 
contrary  to  standard  modeling  assumptions  near  the 
free  surface.  Hosaain  and  Rodi^*  and  later  .Naot  and 
Rodi^*  have  assumed  that  in  most  respects  other  than 
the  vanishing  of  the  surface-normal  velocity  compo¬ 
nent,  the  free  surface  behaves  like  a  symmetry  plane. 
The  exception  is  the  presumed  behavior  of  the  dis¬ 
sipation  rate  for  turbulence  kinetic  energy  which  is 
expected  to  increase  near  the  surface.  This  is  based 
on  the  assumption  that  the  macro-length  scale  of  the 
turbulence  (L  oc  it  reduced  by  the  presence  of 

the  boundary.  This  scale  does  not  become  zero  since 
it  reflects  the  fluctuating  motion  in  all  three  direc¬ 
tions  and  the  horizontal  extent  of  the  eddies  is  not 
restricted. 

The  terms  in  the  budget  equation  for  the  dissi¬ 
pation  rate  are  shown  in  Figure  8.  In  the  upper  por¬ 
tion  of  the  channel  the  first  three  production  terms 
in  Eq.  (7)  are  small  and  have  been  lumped  together 
zc  shown.  Until  very  near  the  free  surface  the  pro¬ 
duction  by  turbulence,  P*,  largely  balances  the  dis- 
.sipation  term.  Very  near  the  surface  the  dominant 
terms  %re  the  viscous  diffusion  and  the  dissipation, 
each  exhibiting  very  large  gradients  of  opposite  sign 
near  the  boundary.  Reconsidering  Figs.  5  and  7,  it 
is  seen  that  in  these  cases  also  the  rapid  variation  in 


Fig.  8  Distribution  of  the  terms  in  the  budget  of  tbe 
turbulence  kinetic  energy  dissipation  rate  in  the  upper 
half  of  the  channel. 

the  dissipation  term  appears  to  be  at  least  partially 
offiet  by  the  variation  in  tbe  diffusion  term.  It  should 
be  remembered  that  Ci,  (or  r)  is  not  the  actual  dis¬ 
sipation  of  turbulent  energy  for  inhomogeneous  flows 
although  it  does  approximate  the  total  dissipation  for 
high  Reynolds  number.  Tbe  particular  terms  A.  and 
have  arisen  from  the  combination  of  the  actual 
dissipation  rate  with  the  rate  of  work  by  tbe  viscous 
shear  stresses  of  the  turbulence.^*  In  flows  far  from 
solid  walls  the  viscous  diffusion  is  generally  neglected 
and  as  such  the  modeled  dissipation  rate  implicitly 
models  the  work  term.  Figure  9  shows  the  balance  of 
turbulence  kinetic  energy  obtained  from  the  trace  of 
Eq.  (6).  The  viscous  terms  have  been  added  and  to¬ 
gether  they  balance  tbe  transport  terms  at  tbe  wall  li 
is  seen  that  the  total  viscous  term  varies  only  slightly 
near  tbe  boundary  and  might  be  easier  to  model.  Fu¬ 
ture  work  will  re-process  tbe  velocity  data  to  deter¬ 
mine  tbe  actual  dissipation  term  separately  from  the 
work  term. 

4,  Pressure-Strain  Rate  Model 

The  above  data  show  that  the  pressure-strain 
term  is  a  key  contributor  to  the  redistribution  of  nor¬ 
mal  stresses  near  the  boundaries.  Leighton  et  al  * 
have  decomposed  the  fluctuating  pressure  into  a  ‘slow ' 
pressure,  p<‘>,  a  ‘fast’  pressure,  and  a  Stokes 
pressure.  p(*>,  in  the  manner  suggested  by  MKM  " 
These  components  satisfy  the  equations; 
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Fig.  9  Distribution  of  the  terms  in  the  budget  of  tur¬ 
bulence  kinetic  energy  in  the  upper  half  of  the  chan¬ 
nel. 


\dxj  dzi  dzjdz,J' 
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5p(‘) 
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^0  ;  *j  =  0,l 


*a  =  0,l 


(86) 


V*)  _  1 

fi*j  fle*  dz\ 


*j  =  0, 1. 


The  pressure  data  from  the  solution  of  Eqs.  (8vb) 
have  been  used  to  decompose  the  pressure-strain  term 
into 


Figure  10  shows  this  splitting  in  the  upper  portion  of 
the  channel  for  each  of  the  components.  The  Stokes 
term  is  only  of  consequence  very  near  the  solid  wall 
and  is  not  plotted.  It  is  seen  that  the  slow  or  return 
terms  are  dominant  in  the  region  plotted.  Only  in 
the  *33  component  is  the  fast  term  the  larger  of  the 
two  and  for  the  #22  term  the  fast  component  is  nearly 
zero  over  the  whole  dmnain  shown. 


Fig.  10  Distribution  of  the  rapid  and  return  contri- 
butioiu  to  the  pressure-strain  rate  for  each  diagonal 
component. 


The  distributions  of  shown  in  Fig.  10  differ 
markedly  at  the  free  surface  relative  to  their  behav¬ 
ior  at  a  solid  wall.**  Most  importantly  they  do  not 
vanish  in  any  component.  Gearly  some  sort  of  sur¬ 
face  proximity  effect  is  needed  in  order  to  model  the 
rapid  variations  exhibited.  Generally  the  total  term 
is  modeled, 


(9) 


where  is  some  variant  of  Rotta's*^  mode). 


=  (10) 

sod  the  rapid  term  includes  at  least  the  isotropization 
of  production  term,  (Py  -  §Pt«,>).  Typical  of  these 
models  and  one  that  is  borrowed  from  in  the  current 
study,  is  that  due  to  Launder,  Reece  and  Rodi.*^ 


^(2)_  (Q-t-8).-  2 


) 


(30q-2)  8(Q-h8)  2 

^  55  n - (1*) 

where, 


n  _ _ dUk 


and  q  =  0.4.  The  wall  terms  are  usually  modeled 
in  a  form  analagous  to  Eqs.  (10, ll)  but  with  different 
coefficients  and  including  a  damping  function.  The 
Launder,  Reece  and  Rodi  fonn  M, 


+  ♦I/.'*  =  {0.125c(n,-  +  0.015(P„  -  Pi, ))  ~ 

rx2 


ki 
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the  horisoBUl  cmnponeoU  will  tend  to  oppitMch  thia 
•tote  at  a  free  tuiface.  The  available  experimental 
data  aa  well  aa  the  current  aimulation  data  aupport 
thia  coigectare.  If  thia  ia  the  caae  then  the  vaniah- 
ing  of  i43  can  be  uaed  aa  a  detector  for  free  surface 
proximity  effecta. 

A  model  baaed  on  Lumley’a  auggeation  and  uaed 
aa  the  baaia  of  the  current  model  ia  that  due  to  Laun¬ 
der  and  Shima.^  In  their  model  4^]*  ia  given  by 
Eq.  (10)  with  the  coefficient, 

Cl  =  2.58A>li”{l  -  exp((0.0067*V«'<)*)}  (13) 

The  rapid  term  ia  given  by  the  firat  term  in  Eq  (11) 
with  the  coefficient,  8{Cj-f  8)/ll,  replaced  with  C7  = 
0.73i4  The  Launder  and  Shima  model  also  contains 
additional  explicit  expreaaions  for  the  wall  terms  m 
Eq.  (9)  that  are  not  repeated  here  aince  they  are  not 
used. 


Fig  1 1  Oiatribution  of  the  second  and  third  invarianu 
of  the  Reynolda  stress  anisotropy  tensor  across  the 
channel. 

This  particular  damping  function  ia  singular  at  a  free 
surface  since  k  does  not  vanish.  A  virtual  origin  could 
be  uaed  and  has  been  employed  by  Naot  and  Rodi^’. 
An  alternative  ia  to  use  a  term  baaed  on  the  surface- 
normal  velocity  such  aa  /*  '<-  (uD^k/tzj,  which  does 
not  become  singular  and  ia  more  appealing  on  phys¬ 
ical  grounds.  However,  the  approach  taken  in  this 
study  ia  to  make  use  of  the  properties  of  the  sec¬ 
ond  and  third  invariants,  Aj  and  ^43  of  the  stress 
anisotropy  tensor,  a«>, 

A]  S  aijOij  ,  AzS  aijOjkOki-  (12) 

As  pointed  out  by  Lumley^*,  if  one  component  of 
velocity  vanishes,  then  the  difference,  Aj  -  A3,  be¬ 
comes  the  constant  value  8/9  irrespective  of  the  be¬ 
havior  of  the  other  two  velocity  components.  In  this 
caae  the  function  A  s  1  -  9(^3  -  A3)/8  =  0  in  the 
regions  where  the  turbulence  becomes  locally  two- 
dimensional.  At  the  free  surface  the  pressure-strain 
rates  do  not  vanish  so  it  ia  necessary  to  modify  this 
approach.  Figure  11  shows  the  variation  of  A2  and 
A3  computed  from  the  simulation  data.  Near  both 
boundaries  A3  —  A3  — •  8/9  as  O33  —  -2/3.  Near  the 
free  surface  it  is  observed  that  As  becomes  negative. 
This  is  very  close  to  the  X3  location  where  033  becomes 
positive  (see  Fig.  4).  For  flows  in  which  the  non-zero 
velocity  components  remain  uncorrelated  as  the  third 
component  vanishes,  the  vanishing  of  As  corresponds 
exactly  to  the  vanishing  of  one  of  the  remaining  re¬ 
maining  a„  .  Equation  (12)  shows  that  for  such  a  flow 
As  reaches  a  minimum  of  -2/9  when  an  =  033.  It  is 
plausible  to  assume  that  in  the  absence  of  boundaries 


In  the  current  work  an  effort  has  been  made 
to  construct  a  model  with  a  minimum  of  parame¬ 
ters.  In  Eq.  (13),  both  the  coefficient.  A,  and  the 
term  in  braces  containing  the  Reynolds  number  act 
to  damp  the  pressure-strain  rate  near  a  solid  wall 
Equations  (8a,b)  are  only  dependent  upon  viscosity 
thru  the  boundary  condition  on  the  equation  for 
and  MKM  have  shown  that  for  low  Reynolds  flows  of 
the  type  under  study  here,  is  small  even  netu  the 
wall.  The  term  in  braces  has  thus  been  omitted  in 
the  current  study.  Exploratory  calculations  retaining 
the  term,  and  using  the  statistics  from  the  simulation 
have  shown  that  the  term  has  little  effect  on  model 
performance  and  in  fact  the  pressure-strain  rate  data 
are  better  correlated  with  its  omission.  Although  the 
concern  here  has  not  been  model  performance  near 
the  solid  wall,  this  study  has  also  retained  the  third 
term  in  Eq.  (11)  since  its  inclusion  substantially  im¬ 
proves  the  behavior  in  the  *33  component  near  the 
wall.  The  basic  form  of  the  current  model  then  be¬ 
comes. 


=  -CiAtOii  ;  Cl  S  l.3A/», 

♦1,”  =  .4,‘(  - 


(14) 

(15) 


The  numerical  value  in  the  definition  of  Ci  above  has 
been  adjusted  from  its  former  value  to  account  for 
the  factor  of  approximately  1/2  that  the  retention  of 
the  exponential  term  of  the  original  model  would  have 
contributed  in  the  outer  flow.  The  form  adopted  for 
the  free  surface  region  is, 


=  -Ci(A  -  A')«(2.2a<,  -f-fl.8(a<»a»<  -  Aj/S)) 

(16) 
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Fig.  12  Compariaon  of  the  modeled  preaaure-etrain 
rate  with  the  data  from  the  simulation. 

where  C\  is  given  by  Eq.  (14)  and  X'  =  1  -  9/8(j4i  - 
(.dal)  .  At  discussed  earlier  this  term  will  only  be¬ 
come  active  when  the  anisotropy  in  one  of  the  hori¬ 
zontal  components  vanishes  while  the  vertical  veloc¬ 
ity  is  damped  near  the  free  surface.  The  constants 
2.2  and  9.8  have  been  determined  so  as  match  the 
overall  level  of  the  data  in  the  surface  region.  The 
2"^  order  term  has  been  shown  by  Speziale  et  a).^^ 
to  occur  in  a  formal  expansion  for  0,^  and  it  is  used 
in  the  current  formulation  to  achieve  more  closely  the 
separation  in  #33  and  observed  in  the  simulation. 
Near  the  free  surface  the  anisotropy  in  the  U3  com¬ 
ponent  of  velocity  is  relatively  small  compared  to  uu 
so  to  first  order  in  anisotropy  the  model  predicts  that 

>  433.  The  second  order  term  is  small  in  both 
components  but  has  a  much  greater  relative  effect  on 
the  U3  component. 

Figure  12  shows  the  model  performance  when 
computed  with  the  simulation  data  which  are  rep¬ 
resented  by  the  symbols.  The  lines  are  computations 
with  Eqs.  (14-16).  The  incorrect  near-surface  asym- 
totic  behavior  is  mostly  due  to  the  sharp  variation 
in  t  discussed  in  the  previous  section.  Incorporat¬ 
ing  the  proper  asymtotic  behavior  near  the  free  sur¬ 
face  will  be  a  topic  for  further  research.  Near  the 
solid  wall  the  current  model  performs  reasonably  well 
and  markedly  better  than  the  original  Launder.  Reece 
and  Rodi  model  which  was  analyzed  by  MKM  .*’  The 
asymtotic  behavior  near  the  wall  is  not  correct  and 
this  must  be  examined  as  well.  Without  the  inclusion 
of  the  term  containing  Bij  in  Eq.  (15)  the  change  in 
sign  in  the  near  wall  region  for  fjz  is  not  achieved  but 


rather  the  modeled  distribution  is  uniformly  positive 
until  vanishing  at  the  wall. 

S  Concludins  Remarks 

The  simulation  data  show  that  there  is  a  prefer¬ 
ential  redistribution  of  turbulence  energy  to  the  span- 
wise  component  of  energy  as  the  normal  component 
is  damped  at  the  free  surface.  This  is  in  accordance 
with  the  still-limited  experioMntal  observations.  The 
budget  equations  show  that  the  pressure-strain  rate 
term,  particularly  the  return  term,  is  a  key  contrib¬ 
utor  to  this  behavior.  The  budgets  also  show  that 
the  isotropic  part  of  the  dissipation  of  turbulence  en- 
ery  decreases  rapidly  very  near  the  free  surface  which 
is  contrary  to  current  modeling  asumptions  which 
assume  it  to  increase  to  account  for  reduced  levels 
of  eddy  viscosity  observed  near  the  free  surface  A 
model  for  the  near-surface  pleasure-strain  term  has 
been  proposed  and  shown  to  correlate  the  simulation 
data  fairly  well.  In  its  current  form  the  model  is  lim¬ 
ited  to  flows  in  which  the  correlation  of  the  horizontal 
velocity  components  is  small  while  the  vertical  com¬ 
ponent  vanishes.  Much  wider  testing  is  necessary  to 
determine  when  this  condition  exists.  Future  efforts 
will  consider  this  point  along  with  questions  raised  re¬ 
garding  the  dissipation  of  turbulence  at  the  surface 
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Appendix  G 

Length  Scales  of  Tnibnlence 
Near  a  Free  Surface 
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ABSTRACT 

Two-point  correlations,  energy  spectra,  and 
length  scales  are  examined  in  the  vicinity  of  a 
surface,  modeled  as  a  shear-free  boundary  in  a  di¬ 
rect  numerical  simulation  of  open  channel  flow.  The 
length  scale  results  indicate  that  a  typical  eddy  is  flat¬ 
tened  as  it  interacts  with  the  surface.  The  scales  as¬ 
sociated  with  the  vertical  component  of  velocity  seem 
to  determine  the  extent  of  the  source  layer  described 
in  the  Hunt-Graham  model.  The  energy  spectra  show 
qualitative  agreement  with  the  model,  though  higher 
resolution  calculations  will  be  required  to  make  more 
quantitative  comparisons.  Additionally,  the  proxim¬ 
ity  of  the  free  surface  to  the  bottom  solid  wall  of  the 
channel  evidences  itself  as  a  wall-layer  streaky  struc¬ 
ture  which  persists  to  a  noticeably  greater  distance 
away  from  the  wall.  Some  speculations  are  offered  to 
explain  this  effect. 

NOMENCLATURE 


h  =s  channel  height 

k  =  turbulent  kinetic  energy 

f*  =  ^Ur,  viscous  length  scale 

lUh  =  Reynolds  number 

A*  =  Urhftf,  wall  Reynolds  number 

R*  =  Vea^jv,  momentum  thickness 

Reynolds  number 
t*  =  vlu\,  viscous  timescale 

U  =  instantaneous  velocity  vector 

Ui  =  instantaneous  velocity  component 

u<  s=  fluctuating  velocity  component 

«T  =  y/r^Jp,  friction  velocity 

\ij  —  turbulent  microscale 

Kij  =  turbulent  macroscale 

Rij  =  two-point  correlation  tensor 

Xi  =  coordinate  direction 

1+  =  XiUr/v 
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(  )  =  averaged  quantity 

=  specral  density 

at  =  streamwise  wavraumber 

V  =  kinematic  viscosity 

p  =  density 

B  =  momentum  thickness 

Tv  =  shear  stress 

n  =  instantaneous  vorticity  vector 

(It  =  instantaneous  vorticity  comp<»ent 

SmhteripU 

i  =  1, 2, 3,  coordinate  directions 

s  =  value  at  free  surface 

oo  s  value  in  free  stream 

w  =  value  at  wall 

1.  INTRODUCTION 

The  study  of  the  structure  of  turbulence  near  a 
free  surface  is  obviously  important  to  our  understand¬ 
ing  of  the  complex  interaction  of  the  atmosphere  and 
upper  ocean.  It  is  also  of  fundamental  relevance  to  the 
wall-bounded  turbulence  problem,  since  it  isolates  the 
boundary  influence  on  turbulent  fluctuations  from  the 
turbulence  production  mechanism  at  the  wall.  The 
flrst  detailed  experiment  which  addressed  itself  to  this 
particular  problem  was  that  of  Uskan  and  Reynolds* 
(UR).  They  passed  grid  generated  homogeneous  tur¬ 
bulence  over  a  wall  which  moved  with  the  mean  flow 
and  therefore  generated  no  mean  shear  at  the  bound¬ 
ary.  They  found  that  the  streamwise  turbulence  in¬ 
tensity  near  the  shear-free  boundary  did  not  peak  as 
it  does  near  a  stationary  solid  wall,  but  instead  de¬ 
creased  monotonically  from  its  free  stream  value  to 
zero  at  the  boundary.  Later,  Thomas  and  Hancock^ 
(TH)  performed  a  similar  experiment  at  a  Reynolds 
number  about  20  times  greater  than  that  of  UR  and 
found  that  the  intensity  of  the  streamwise  component 
increaaes  as  the  boundary  is  approached. 

The  discrepancy  between  these  two  results  was 
explained  satisfactorily  by  Hunt  and  Graham^  (HG) 
who  proposed  a  two  layer  model  for  the  interaction. 
At  high  turbulent  Reynolds  numbers  there  exists  a 
thin  viscous  layer  near  the  wall  embedded  in  a  larger 
source  layer.  The  source  layer  should  be  roughly  the 
size  of  the  integral  length  scale  of  the  free  stream  tur¬ 
bulence  and  exists  essentially  because  of  the  no  mass- 
flux  condition  at  the  boundary.  Their  theory  predicts 
a  redistribution  of  turbulent  energy  in  the  source  layer 
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from  the  vertical  component  of  velocity  to  the  stream* 
wise  and  spanwise  components.  The  UR  result  wss 
easily  explained  since,  at  the  low  Reynolds  number  of 
their  experiment,  the  viscous  layer  dominated  the  re¬ 
gion  near  the  surface  and  the  turbulence  was  accord¬ 
ingly  damped.  At  the  higher  Reynolds  number  of  the 
TH  experiment,  the  source  layer  dominated  and  the 
redistribution  of  the  turbulence  behaved  according  to 
the  HG  model.  Many  of  these  results  were  later  con¬ 
firmed  by  the  large  eddy  simulations  of  Biringen  and 
Reynolds'*.  Recently,  Brumley  and  Jirka*  (BJ)  pre¬ 
sented  results  for  experiments  in  which  homogeneous 
turbulence  interacted  with  a  free  surface.  Their  re¬ 
sults  agreed  reasonably  well  with  a  modified  form  of 
the  HG  model. 

The  simulations  performed  here  were  designed  to 
represent  as  closely  as  possible  the  physics  of  free  sur¬ 
face/turbulence  interaction  in  which  the  effects  of  sur¬ 
face  waves  can  be  safely  neglected.  For  this  purpose, 
fully  developed  turbulence  between  a  solid  wall  and  a 
free  surface  is  simulated.  The  physical  processes  rep¬ 
resented  by  these  simulations  differ  in  some  important 
respects  from  processes  involved  in  the  physical  exper¬ 
iments  noted  above.  First,  in  these  simulations,  no 
viscous  layer  can  develop  since  and  U3,  the  fluctu¬ 
ating  streamwise  and  spanwise  velocity  components, 
are  not  forced  to  sero  as  in  the  UR  and  TH  experi¬ 
ments.  In  fact,  even  in  the  BJ  experiments  a  viscous 
layer  developed  near  the  surface  due  to  the  presence 
of  surface  contaminants.  Secondly,  in  these  simulv 
tions,  the  turbulence  impinging  on  the  free  surface  is 
not  isotropic  since  it  is  being  generated  at  a  solid  wall. 
It  is  evident  that  the  solid  wall  is  acting  as  a  genera¬ 
tor  of  anisotropic  turbulence  which  is  then  convected 
toward  the  free  surface.  Lastly,  it  is  possible  to  ex¬ 
amine  the  question  of  the  influence,  if  any,  of  the  free 
surface  on  the  turbulent  structure  at  the  solid  surface 
boundary.  In  this  work  two-point  correlations,  energy 
spectra,  and  turbulent  length  scales  will  be  examined 
in  an  effort  to  investigate  the  turbulent  structure  near 
a  free  surface  in  the  absence  of  surface  waves. 

2.  DIRECT  NUMERICAL  SIMULATION 

The  incompressible  three-dimensional  Navier- 
Stokes  equations  are  solved  for  initial  and  boundary 
conditions  approximating  a  turbulent  open  channel 
flow  of  water  at  a  Reynolds  number,  Rch ,  based  on 
the  channel  height,  h,  and  the  mean  velocity  at  the 
free  surface,  (/,,  of  2340.  The  notation  xj,  xj,  and 
X3  is  used  to  denote  the  streamwise,  wall-normal, 
and  spanwise  coordinates  respectively.  The  govern¬ 
ing  equations,  formulated  in  the  manner  suggested 
by  Orszag  and  Patera^  and  later  implemented  in  a 
simpler  form  by  Kim,  Moin  and  Moser^,  consist  of  a 


fourth  order  equation  for  the  vertical  velocity,  f/j  : 

and  a  second  order  equation  for  the  vertical  vortic- 
ity,  Qa; 

(I 

(2) 

where  all  variables  are  made  non-dunenskmal  by  h 
and  the  initial  value  of  0,  .  Here,  the  instantaneous 
velocity  vector  is  given  by  U  and  the  instantaneous 
vorticity  vector  is  defined  by  (I  =  (V  x  U).  Follow¬ 
ing  the  solution  of  equations  1  and  2,  the  stTeanmiae 
and  spanwise  velocity  components,  U\  and  Us,  ate 
recovered  from  the  incompressibility  condition. 

The  equations  of  motion  are  solved  in  Fourier- 
Chebyshev  space  where  Fourier  modes  ate  employed 
in  the  horizontal  plane  and  Chebyshev  modes  in  the 
wall  normal  direction.  The  calculations  are  performed 
on  a  64  X  65  X  48  grid  in  xi,X2,X3  respectively. 
With  the  geometry  scaled  by  the  channel  height,  the 
streamwise,  vertical,  and  transverse  dimensions  of  the 
channel  are  4x,  1,  and  3x/2  respectively.  In  terms  of 
the  viscous  parameters  consisting  of  the  friction  ve¬ 
locity,  Ur,  and  the  kinematic  viscosity,  v,  the  domain 
is  16M/*  X  134r  X  632f*  and  the  Reynolds  number, 
R*,  is  134.  To  facilitate  substantive  qualitative  com¬ 
parisons  with  the  wall-bounded  turbulence  problem, 
a  companion  calculation  for  a  closed  channel  flow  is 
utilized.  For  reasons  of  economy,  this  calculation  is 
at  half  the  wall-normal  resolution  of  the  open  chan¬ 
nel  case  and  is  at  a  somewhat  lower  Reynolds  number, 
R*  =  125.  Nevertheless  the  behavior  of  these  data  for 
all  aspects  examined  is  identical  to  that  reported  by 
KMM. 

The  boundary  conditions  utilized  are  periodic  on 
ail  dependent  variables  in  the  streamwise  and  span- 
wise  directions.  No-slip  conditions  are  used  at  the 
channel  bottom  while  the  free  surface  is  approximated 
as  a  rigid,  free-slip  surface  with  vanishing  shear.  The 
shear-free  rigid  lid  condition  is  an  approximation  to 
the  exact  free  surface  condition  which  is  valid  at  low 
Froude  number  for  a  surface  free  of  any  contaminants. 
Leighton  et  al.^  have  estimated  the  surface  displace¬ 
ment  a  posteriori  from  the  results  of  the  simulation 
using  the  channel  height,  k  =  0.04m,  from  the  experi¬ 
ments  of  Komori  et  al.^  .  For  these  conditions  the  rms 
surface  deflections  are  expected  to  be  approximately 
1.6  X  10~*m  (0.004A)  and  are  clearly  negligible  as  ob¬ 
served  in  the  laboratory  experiments.  The  boundary 
conditions  at  the  solid  wall  (X3  =  0)  and  the  free  sur¬ 
face  (xi  =  1)  are: 
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{/i  =  f/j  =  {/3  =  0;xj  =  0, 


and 


dUx  _  dU3 
dx^  dx2 


=  £/j  =  0:ij  =  1. 


(3) 

(4) 


The  code  developed  for  the  simulation  is  de¬ 
signed  to  run  on  the  CRAY  X-MP/24  computer  at 
the  Naval  Research  Laboratory  and  requires  approxi¬ 
mately  10~'^  CPU  seconds  per  timestep  per  grid  point. 
After  the  wall  shear  stress  achieved  a  statistically 
steady  behavior,  42  realizations  of  the  instantaneous 
velocity  data  were  saved  during  a  time  interval  of  ap¬ 
proximately  4000t*  where  t*  =  Statistics  were 
obtained  by  averaging  in  the  streamwise  and  spanwise 
directions  as  well  as  over  all  realizations.  Swean  ti 
al.'°  find  good  agreement  between  these  simulations 
and  open  channel  flow  experiments. 

3.  TWO-POINT  CORRELATIONS 
AND  ENERGY  SPECTRA 

The  turbulent  structure  near  the  free  surface  is 
revealed  in  some  detail  by  examining  the  two-point 
correlations  and  energy  spectra  at  different  depths  be¬ 
low  the  surface.  The  two-point  correlation  function, 
Rij,  is  defined  by  : 

R,v(Ati,  Aj:3,*2,*2')  = 

U<(zi,*3.*2)Uj(Zi',Z3',l3') 

- ^.1^ - ,  (5) 

where,  xj'  =  xy  +  Axy,  j=:l,3.  Here,  only  the  prop¬ 
erties  of  Rij  for  which  xj  =  X}  and  t  =  j  will  be 
descried.  These  correlations  were  computed  by  av¬ 
eraging  over  all  flow  realizations  and  all  flow  symme¬ 
tries  (see  Sirovich^^).  Figure  1  shows  a  comparison  of 
the  streamwise  correlations  for  open  and  closed  chan¬ 
nel  flows  at  several  xj  locations.  Note  that  in  each 
figure  a  secondary  axis  is  given  showing  the  correla¬ 
tion  length  in  terms  of  wall  variables,  i.e.  Ax*  for 
this  case.  In  the  region  close  to  the  bottom  solid  wall 
(0  <  X2  <  0.5;  0  <  xJ  <  68)  the  streamwise  correla¬ 
tions  are  virtually  identical  for  all  three  velocity  com¬ 
ponents.  As  an  example,  note  the  similarity  between 
the  correlations  at  X2  =  0.071  for  open  channel  flow 
with  those  of  closed  channel  flow  at  xj  =  0.076.  The 
only  notable  difference  ’s  a  somewhat  longer  stream- 
wise  correlation  length  for  ui  in  the  open  channel  case. 
At  distances  farther  from  the  wail,  however,  the  dif¬ 
ferences  between  the  two  flows  become  increasingly 
more  pronounced.  As  the  free  surface  is  approached, 
two  trends  are  evident.  First,  the  streamwise  dis¬ 
tance  at  which  R33(Aii,0, 12),  (subsequently  de¬ 
noted  R33(Axi))  attains  its  minimum  value  increases 
as  the  free  surface  is  approached.  For  example,  at 
X2  =  0.524,  the  minimum  occurs  at  Axi  ~  1.34  and 


as  the  free  surface  is  approached  this  increases  roughly 
17%  to  Axi  1.57.  For  the  closed  channel  case,  how¬ 
ever,  this  distance  undergoes  virtually  no  change  as 
X2  varies  from  0.572  to  the  centerline.  Secondly,  we 
observe  that  the  streamwise  correlation  length  of  the 
vertical  component  of  velocity  in  the  open  channel 
case,  which  may  be  loosely  defined-by  the  first  zero 
crossing,  decreases  significantly  between  xj  =  0.524, 
where  no  zero  crossing  exists,  and  X2  =  0.952  where  it 
attains  a  value  of  Axi  s:  0.75  .  In  the  closed  channel 
case  this  scale  also  decreases,  but  not  nevly  as  rapidly 
as  in  open  channel  flow  where  there  appears  to  be  a 
clearer  separation  between  R22(Axi)  and  Raa(Axi) 
near  the  free  surface.  In  Fig.  2  the  corresponding 
results  for  the  spanwise  correlations,  Ayy(Axs),  are 
shown  for  both  cases.  As  in  the  streamwise  results, 
close  to  the  wall  there  appear  to  be  no  significant  dif¬ 
ferences  between  these  flows.  Farther  from  the  wall 
(x3  >  0.5),  it  is  evident  that  the  correlation  length 
for  the  U2  component  in  the  open  channel  flow  is  sig¬ 
nificantly  smaller  than  those  for  the  other  two  veloc¬ 
ity  components.  This  behavior  is  not  evident  for  the 
closed  channel  case  in  this  same  region.  Again,  as 
with  the  streamwise  correlation  length  results,  there 
is  a  clear  separation  between  RniAxs)  and  Rs3(Axs) 
as  the  free  surface  is  approached.  One  feature  of  note 
is  the  existence  of  a  discernable  local  minimum  in  the 
spanwise  correlation  of  the  streamwise  velocity  com¬ 
ponent  out  to  normal  locations  as  large  as  xa  a:  0.8 
(i.e., »  108  viscous  lengths)  in  the  open  channel  case. 
This  indicates  a  considerable  persistence  of  a  spanwise 
periodic  structure  in  the  flow  which  will  be  discussed 
in  more  detail  in  Section  5. 

Energy  spectra,  ,  as  a  function  of  the  stream- 
wise  wavenumber,  ki,  are  shown  in  Fig.  3  for  two 
different  surface  normal  locations  in  close  proximity 
to  the  free  surface  boundary  (xa  =  0.978  and  0.952). 
Additionally,  a  third  energy  spectrum  at  X3  =  0.798 
is  given  in  each  plot  as  a  reference  condition.  Ex¬ 
amination  of  the  turbulence  intensity  profiles  (refer 
to  the  Fig.  7  discussed  later)  at  this  location  indi¬ 
cates  that  free  surface  effects  will  be  negligible.  The 
^ii(ki)  spectra  show  that  very  near  the  free  surface, 
the  energy  at  low  wavenumbers  remains  unchanged. 
However,  for  the  intermediate  band  (2  <  «i  <  10)  a 
small  increase  in  energy  is  evident.  There  is  no  change 
in  the  spectra  at  high  wavenumbers.  These  features 
are  quite  consistent  with  the  HG  predictions.  From 
the  <&22('ti )  spectra  it  is  quite  evident  that,  as  the  free 
surface  is  approached,  the  energy  at  low  wavenumbers 
decreases  more  rapidly  than  at  high  wavenumbers. 
This  is  also  consistent  with  HG.  However,  it  is  to  be 
noted  that  the  HG  model  predicts  that  the  ^2j(«i) 
spectrum  far  from  the  boundary  will  merge  with  the 
spectra  neat  the  free  surface  at  a  wavenumber  of  or¬ 
der  2x/Az2,  where  Ax2  is  the  vertical  distance  from 
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the  free  surface.  This  is  effectively  due  to  the  cut¬ 
ting  off  of  eddies  smaller  than  Az}  by  the  presence  of 
the  surface.  In  these  calculations,  however,  the  min¬ 
imum  resolvable  streamwise  length  scale  dictated  by 
the  grid  spacing  is  4]r/64  =  0.196,  which  is  in  fact  of 
the  same  order  as  the  source  layer.  It  is  evident  that 
higher  resolution  will  be  required  to  resolve  these  ef¬ 
fects.  Nevertheless,  the  basic  structure  of  433(<ci)  is 
suggestive  of  this  kind  of  wavenumber  cutoff  behavior. 
The  <&33(ici)  spectra  show  some  increase  in  energy  at 
low  wavenumbers  as  the  free  surface  is  approached, 
but  virtually  no  change  for  ki  >  3.  These  observa¬ 
tions  are  also  qualitatively  consistent  with  HG. 

4.  MACRO  AND  MICROSCALES 

Turbulent  flows  are  known  to  contain  a  wide 
range  of  length  scales;  here  we  examine  both  the  tur¬ 
bulent  macroscales  and  microscales.  The  macroscale 
can  be  considered  the  length  scale  that  represents 
the  size  of  a  typical  energy  containing  eddy  which 
is  eventually  broken  up  and  dissipated  by  viscosity 
at  smaller  scales^^.  The  microscale,  though  not  the 
smallest  length  scale  in  the  flow,  can  be  thought  of 
zs  an  average  length  within  which  most  of  the  energy 
dissipation  occurs.  In  high  Reynolds  number  flows 
there  is  a  large  separation  between  these  two  scales, 
but  in  the  current  computations  this  separation  is  not 
large. 

The  microscale.  A,  corresponding  to  velocity 
component  U;  in  direction  Xi  is  defined  by: 


'  d^Xi 


(6) 


If  the  turbulence  is  homogeneous  in  direction  Xi  then 
it  can  be  shown  that  an  equivalent  definition  is  : 


The  xi  and  xs  microscales  are  computed  using  both 
definitions  given  above  and  nominally  produce  iden¬ 
tical  results.  The  macroscale  A  is  defined  by  : 


the  largest  eddy  structures  nea'  the  wall.  For  these 
reasons,  the  microscales  reported  below  may  actually 
be  larger  in  some  cases  than  the  macroscales.  This  is 
simply  an  artifact  of  the  method  used  here.  A  better 
estimate  for  the  macroscales  can  be  had  in  some  cases 
by  using  the  length  associated  with  the  second  zero 
crossing  of  the  correlation  function. 

Figure  4  shows  the  results  of  the  calculation  of 
the  streamwise  macroscale,  Ai  (i.e  Atj),  and  the  span- 
wise  macroscale.  As,  for  both  the  open  and  closed 
channel  cases.  Recall  that  the  solid  wall  is  at  23  =  0 
and  the  free  surface  (or  centerline)  is  at  £3  =  1.  The 
scales  are  nominally  given  in  terms  of  outer  units 
(i.e.,  channel  height)  since  conversion  to  wall  vari¬ 
ables  can  easily  be  obtained  by  multipyling  by  135  in 
the  open  channel  case  and  125  for  the  closed  chan¬ 
nel.  For  the  streamwise  macroscales,  significant  dif¬ 
ferences  between  these  two  cases  are  apparent  in  the 
rather  large  region  0.4  <  Z3  <  1.0.  Here,  the  most 
notable  observation  is  that  the  us  velocity  compo¬ 
nent  Ai  length  scale  changes  by  a  factor  of  approxi¬ 
mately  three  («  0.60  at  the  open  channel  free  surface 
relative  to  0.19  at  the  centerline  of  the  closed  chan¬ 
nel).  For  the  streamwise  velocity  component,  Ai  dif¬ 
fers  only  slightly  at  the  free  surface  from  the  closed 
channel  centerline  value  ( 1 .4  vs.  1.14);  however,  there 
is  a  substantially  different  behavior  in  how  these  final 
values  are  attained.  The  closed  channel  length  scale 
smoothly  achieves  an  asymptotic  value  of  order  one 
at  the  centerline,  whereas  the  behavior  near  the  free 
surface  resembles  that  observed  near  the  solid  bound¬ 
ary  (i.e.,  a  peak  at  some  distance  from  the  bound¬ 
ary  indicative  of  the  source  layer  thickness).  The 
free  surface  effects  on  the  spanwiae  macroscales.  As, 
are  confined  to  a  smaller  region  (0.8  <  Z3  <  1.0) 
than  those  on  the  streamwise  macroscales.  Substan¬ 
tial  differences  are  again  observed  between  the  values 
attained  at  the  free  surface  relative  to  those  at  the 
closed  channel  centerline.  Both  the  ui  and  U3  compo¬ 
nent  macroscales  differ  by  a  factor  of  about  two  with 
the  ui  scale  larger  and  the  us  scale  correspondingly 
smaller  at  the  free  surface. 
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Aij  —  J  Iijj{xi)dxi.  (8) 

0 

It  should  be  noted  that  in  some  circumstances,  par¬ 
ticularly  for  the  streamwise  velocity  component,  the 
correlation  function  Rjj(Axi)  does  not  decay  suffi¬ 
ciently  at  the  end  of  the  computational  domain  so 
that  the  macroscale  given  by  (8)  may  underestimate 
the  true  eddy  length  scale.  Also,  since  quasi-periodic 
structures  exist  close  to  the  wall  with  their  periodic¬ 
ity  primarily  in  the  spanwise  13  direction,  Rjj^Axs) 
can  be  negative.  This  also  has  the  effect  of  produc¬ 
ing  a  macroscale  which  unde*  estimates  the  length  of 


In  Fig.  5  the  microscale  results  are  compared 
for  the  open  and  closed  channel  flows.  Trends  similar 
to  those  observed  for  the  macroscale  results  of  Fig. 
4  are  apparent.  The  streamwise  scale,  Ai,  of  the  U3 
component  is  larger  at  the  free  surface  than  at  the 
closed  channel  centerline  (0.40  vs.  0.29);  whereas, 
A]  for  the  U3  component  is  somewhat  lower  (0.21  vs. 
0.27).  Similar  to  the  spanwise  macroscale  results,  the 
spanwise  microscales  differ  at  the  free  surface  with 
the  ui  component  scale  larger  and  the  uj  component 
scale  smaller  by  the  same  amounts  than  their  closed 
channel  centerline  values. 

The  vertical  macroscale,  Ajj,  is  given  by: 
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(9) 


At  a  given  vertical  location  X],  As  gives  a  measure 
of  the  vertical  size  of  a  typical  eddy  that  can  ex¬ 
ist  at  that  depth.  These  results  are  shown  in  Fig. 
6.  It  is  observed  that  Asi  and  Ass  increase  contin¬ 
uously  away  from  the  solid  wall  until  approximately 
xs  =  0.6,  where  the  free  surface  effects  become  evi¬ 
dent  as  both  decrease.  Generally  speaking,  both  the 
free  surface  and  solid  boundaries  have  similar  overall 
effects  in  that  the  eddy  size  that  can  exist  there  is 
smaller  than  that  existing  away  from  the  boundary. 
However,  the  Irtck  of  viscous  dissipation  near  the  free 
surface  apparently  allows  for  a  somewhat  greater  ver¬ 
tical  extent  than  that  found  near  a  solid  wall,  as  one 
would  expect.  The  A33  macroscale  results  may  not 
be  easily  interpreted  near  the  solid  boundary  since 
^33(^31  >3')  becomes  negative  there,  presumably  due 
to  the  presence  of  the  counter-rotating  vortex  struc¬ 
ture  typically  associated  with  the  wall  layer.  Near 
the  free  surface  however,  /Z33(x],X3')  is  strictly  posi¬ 
tive  so  that  the  interpretation  of  A33  as  a  length  scale 
is  more  meaningful.  As  with  the  other  two  vertical 
macroscale  components,  the  proximity  of  the  free  sur¬ 
face  (or  perhaps  boundary  in  general)  evidences  itself 
as  a  decrease  in  the  A33  scale.  These  results  generally 
tend  to  confirm  the  HG  model  prediction  of  a  strong 
truncation  of  the  vertical  extent  of  a  typical  eddy  near 
the  free  surface. 

To  summarize,  the  macroscale  results  are  partic¬ 
ularly  useful  in  understanding  the  change  in  shape 
of  a  typical  eddy  as  it  interacts  with  the  free  sur¬ 
face.  Predominantly,  the  free  surface  effects  relative 
to  the  closed  channel  centerline  behavior  are  larger 
span  wise  scales  associated  with  the  streamwise  veloc¬ 
ity  component  ui;  generally  smaller  streamwise  and 
spanwise  scales  for  the  wall  normal  velocity  compo¬ 
nent  uj;  and  larger  streamwise  scales  associated  with 
the  spanwise  velocity  component  U3.  Additionally, 
the  vertical  macroscales,  Aj^-,  associated  with  all  three 
velocity  components  decrease  on  approach  to  the  free 
surface.  This  presents  a  reasonably  clear  picture  of 
eddies  which  flatten  out  or  become  pancake-like  in 
the  horizontal  plane  as  they  undergo  a  reduction  in 
their  vertical  extent.  This  is  certainly  in  agreement 
with  one’s  intuitive  expectation  of  the  similar  effect  of 
a  solid  boundary  on  an  impinging  eddy.  These  results 
indicate  a  streamwise  stretching  by  a  factor  of  about 
three  and  a  spanwise  elongation  of  approximately  two. 

It  does  not  seem  possible  to  make  a  quantita¬ 
tive  comparison  of  these  results  with  the  HG  model 
in  its  present  form,  since  their  model  does  not  ac¬ 
count  for  the  strong  anisotropy  of  the  open  channel 
flow  studied  here.  Obviously  there  is  some  difficulty 
in  defining  a  far-held  integral  length  scale  in  this  flow, 


whereas  this  scale  is  well  defined  for  homogeneous 
turbulence.  However,  since  the  source  layer  of  the 
HG  model  is  generated  by  the  no  mass-flux  boundary 
condition,  it  would  seem  that  the  scales  of  uj  should 
give  the  best  indication  of  the  extent  of  free  surface 
effects.  In  Fig.  7  the  mean-square  turbulence  inten¬ 
sities  scaled  by  the  local  turbulent  kinetic  energy  are 
shown.  This  demonstrates  clearly  that  all  three  veloc¬ 
ity  components  show  the  effects  of  surface  proximity 
at  a  distance  of  about  Ax]  =  0.3.  (See  Swean  ei  s/.'° 
for  a  discussion  of  the  redistribtion  of  energy  from 
the  vertical  velocity  component  to  both  the  stream- 
wise  and  spanwise  components.)  Indeed  the  vertical 
velocity  component  is  the  only  one  which  has  asso¬ 
ciated  macroscales  of  about  this  size  and  which  are 
smaller  than  the  macroscales  at  the  centerline  of  the 
closed  channel  flow.  This  seems  to  indicate  that  the 
length  scales  for  U3  also  determine  the  extent  of  the 
source  layer.  This  result  is  certainly  consistent  with 
the  source  layer  model  of  HG  as  noted  above. 

5.  WALL-LAYER  STREAK  SPACING 

In  Section  3  the  persistence  of  a  spanwise  peri¬ 
odic  structure  at  relatively  large  distance  away  from 
the  wall  was  noted  for  the  open  channel  flow.  These 
streamwise-elongated  structures,  commonly  referred 
to  as  wall-layer  streaks,  appear  in  flow  visualization 
studies  as  regions  of  low-speed  fluid  close  to  wall. 
Though  there  remains  some  controversy  as  to  the  sig¬ 
nificance  of  the  streaks,  there  appears  to  be  increasing 
evidence  that  they  are  indicators  of  quasi-streamwise 
oriented  vortices.  These  vortices  in  turn  are  thought 
to  play  a  role  in  the  production  of  new  turbulence 
and  in  Reynolds  stress  production.  They  were  first 
observed  experimentally  by  Hama  (see  Corrsin^’)  and 
later  studied  in  more  detail  by  Kline  et  al.^*.  Their 
visualization  studies  showed  that  the  streaks  were 
typically  observed  below  Xj  =  30  and  that  they  oc¬ 
curred  randomly  in  space  and  time.  Kline  et  al.  also 
found  that  the  average  spanwise  sp8u:ing  between  the 
streaks.  A***,  was  approximately  100  essentially  in¬ 
dependent  of  Reynolds  number.  The  experimental 
results  reported  by  Nakagawa  and  Nezu*^  for  open 
channel  flow  indicate  that  the  mean  streak  spacing 
increases  v  ith  distance  from  the  wall  and  ultimately 
approaches  a  value  of  A+  %  2x2  for  xj>50.  This  led 
them  to  speculate  that  the  increase  in  length  scale 
resulted  from  a  coalescence  (similar  to  the  pairing  in¬ 
teraction  observed  in  free  shear  flows)  of  neighboring 
low-speed  streaks  as  the  distance  from  the  wall  in¬ 
creases.  However,  it  should  be  noted  that  for  the 
locations  above  xj  >  30  the  spanwise  length  scale 
they  observe  is  very  weak  and  may  not  necessarily 
correspond  to  well-defined  streaks. 

More  recently.  Smith  and  Metzler*®,  in  agree¬ 
ment  with  the  findings  of  Nakagawa  and  Nezu,  found 
that  the  average  spanwise  wavelength  increased  from 
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93  at  x,  =  1  to  146  at  z}  =  30.  They  noted,  how¬ 
ever,  that  beyond  x^  =  30  that  the  streaks  were 
not  sufficiently  well  defined  to  warrant  making  streak 
counts  and  they  suggest  that  xj  »  40  is  the  upper 
limit  for  which  extended  regions  of  low-speed  fluid 
continue  to  exist.  Also  in  agreement  with  Nakagawa 
and  Nezu,  they  found  that  streak  coalescence  in  the 
region  10  <  x^  <  30  contributed  to  the  increasingly 
disrupted  streak  pattern  and  overall  increase  in  the 
spanwise  length  scale  with  distance  from  the  wall. 
They  noted  that  since  the  most  active  merging  occurs 
in  the  region  of  maximum  turbulent  energy  produc¬ 
tion,  this  merging  process  may  very  well  be  important 
to  the  turbulence  production  cycle.  The  observation 
of  wall-layer  streaks  has  not  been  confined  strictly  to 
experimental  studies;  various  numerical  simulations 
appear  to  very  satisfactorily  capture  the  wall-layer 
dynamics.  As  an  example,  KMM  show  very  good 
agreement  with  the  experimental  determinations  of 
the  variation  of  mean  spanwise  streak  spacing  with 
distance  from  the  wall. 

In  Fig.  8  the  dependence  of  the  mean  streak 
spacing  on  x}  is  presented  for  both  open  and  closed 
channel  flows  along  with  various  experimental  and 
numerical  simulation  results.  Here  the  mean  streak 
spacing  is  defined  as  twice  the  spanwise  distance  at 
which  /?h(Ax3)  reaches  a  minimum  (note  that  this 
definition  of  A+  is  consistent  with  KMM).  The  results 
indicate  clearly  that  for  x}  <  12  there  is  excellent 
agreement  among  all  the  studies  that  A-**  s;  100.  The 
streak  spacing  in  the  open  channel  case  shows  a  jump 
from  a  value  of  105  at  Xj  =  12  to  approximately  130 
at  xj  =  15.  Farther  from  the  wall,  the  open  chan¬ 
nel  streak  spacing  increases  at  a  rate  which  is  roughly 
the  same  as  in  the  closed  channel  but  always  remains 
larger.  Thus,  Fig.  8  shows  that  at  xj  ~  65,  A+  has 
attained  a  value  roughly  twice  twice  that  observed  at 
Xj  —  12.  It  is  also  clear  that,  unlike  the  closed  chan¬ 
nel  case  where  the  streak  spacing  is  apparently  only 
clearly  defined  out  to  perhaps  Xj  ~  50,  the  spanwise 
periodic  streaks  can  definitely  be  observed  well  out 
to  xj  ~  80  in  the  open  channel  flow.  This  is  in  fact 
within  the  logarithmic  layer  of  the  streamwi.se  veloc¬ 
ity  profile  (see  Swean  e<  a/.*®  for  the  open  channel 
flow  mean  velocity  profile).  It  is  apparent  that  the 
the  streaky  structure  in  open  channel  turbulence  is 
both  larger  in  scale  and  persists  farther  from  the  wall 
than  in  closed  channel  turbulence. 

Though  the  reasons  for  these  differences  are  far 
from  evident,  a  few  speculations  are  now  offered  to 
explain  this  behavior.  The  only  obvious  difference  be¬ 
tween  these  two  flow  fields  is  the  boundary  condition 
imposed  on  the  upper  boundary.  Since  the  shear-free 
boundary  suppresses  the  production  of  new  turbu¬ 
lence  we  can  envision  that  this  must  in  turn  suppress 
the  ejection  of  low  momentum  fluid  that  would  oth¬ 


erwise  occur  if  the  boundary  were  rigid  (i.e  no-slip 
boundary  conditions).  The  suppression  of  these  ejec¬ 
tions  from  the  top  boundary  (free  surface)  toward  the 
bottom  boundary  (solid  wall)  may  be  responsible  for 
slowing  down  the  production  of  turbulence  by  low¬ 
ering  the  probability  of  shear  layer  formation  in  the 
region  of  the  solid  wall.  Thus,  the  larger,  more  coher¬ 
ent  streaks  near  the  wall  in  open  channel  turbulence 
are  due  to  the  suppression  of  turbulence  production 
at  the  free  surface.  Furthermore,  in  boundary  layer 
flows  the  entrainment  of  outer  irrotaional  fluid  may 
act  like  ejections  from  the  upper  wall  of  a  channel. 
In  this  sense,  boundary  layer  flow  has  a  closer  resem¬ 
blance  to  closed  channel  flow  than  to  open  channel 
flow.  These  results  suggest  that  the  outer  flow  does 
have  an  effect  on  the  wall  region  at  least  at  these  low 
Reynolds  numbers. 

6.  CONCLUSIONS 

The  structure  of  turbulence  near  a  free  surface 
has  been  studied  using  the  results  of  a  direct  simular 
tion.  The  method  employed  here  to  understand  this 
structure  is  to  compare  the  open  channel  turbulence 
results  with  its  well  studied  closed  channel  turbu¬ 
lence  counterpart.  A  comparative  examination  of  the 
turbulent  macroscales  and  microscales  in  these  two 
cases  reveals  a  significant  flattening  of  a  typical  eddy 
near  the  free  surface.  This  flattening  is  evidenced 
by  a  notably  larger  streamwise  scale  associated  with 
the  spanwise  velocity  component  and  a  comensurately 
larger  spsmwise  scMe  of  the  streamwise  velocity  com¬ 
ponent.  Additionally,  the  vertical  macroscales  for  all 
three  velocity  components  are  smaller  than  the  com¬ 
panion  closed  channel  values.  In  this  flow,  the  source 
layer  described  by  the  Hunt-Graham  model  appears 
to  extend  about  0.3  channel  heights  below  the  free 
surface.  This  source  region  seems  to  correlate  most 
strongly  with  the  structure  of  the  vertical  component 
of  velocity.  All  length  scMes  for  this  component  are 
about  the  correct  size  and  all  are  smaller  than  the 
macroscales  at  the  centerline  of  the  closed  channel 
flow.  A  direct  quantitative  comparison  of  these  re¬ 
sults  with  the  HG  model  is  not  possible  since  the 
model  does  account  for  the  strong  anisotropy  of  the 
turbulence  present  in  this  flow.  The  energy  spectra 
for  ail  three  components  of  velocity  are  in  qualita¬ 
tive  agreement  with  the  HG  model  though  resolution 
effects  and  anisotropy  limit  direct  quantitative  com¬ 
parison. 

An  interesting  phenomenon  revealed  by  the  cur¬ 
rent  study  is  the  increase  in  size  and  persistence  of 
the  spanwise  periodic  structure  near  the  wall.  In  open 
channel  turbulence  this  structure  is  larger  in  scale  and 
penetrates  farther  into  the  flow  than  in  closed  channel 
turbulent  flow.  The  origin  of  this  effect  is  not  clear 
but  one  possible  explanation  is  (hat  the  free  surface 
suppresses  interactions  which  would  normally  occur 


between  the  no-slip  boundaries  of  channel  flow.  This 
observation  lends  support  to  the  possibility  that  the 
outer  flow  has  a  significant  effect  on  wall  layer  struc¬ 
ture.  In  future  work,  a  quantitative  comparison  of 
these  results  with  a  modified  form  of  the  HG  model 
will  be  attempted  and  higher  resolution  simulations 
will  be  undertaken  to  further  elucidate  the  structure 
of  the  turbulence  near  the  free  surface. 
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Fig.  8  Variation  of  mean  spanwise  streak  spacing  with  wait  normal  dut&nce.  Present  study  ;  k  ,  open  channel, 
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A,  R*  =  378.  Kim,  Moin,  and  Moser^:  o,  closed  channel  simulation,  R*  =  180. 
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^pendix  H 


The  Enstrophy  Balance  Daring  the  Interaction  of  a 
Vortex  Ring  with  a  Shear-Free  Boundary 
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in  the  recovery  of  llie  tlreainw  iw  velocity.  The  e<|iiation  eyitein  i«  tr.nifornied  uiiiig  Fourier  two  lecondary  half  linga  connected  by  a  vortical  itrurture.  Variout  U|>ertt  of  the  prorraart 

expanaiont  in  the  {leriodic  axial  (n  )  and  transverse  (X] )  directiont  and  Chebythev  ex|>anfkint  axe  discussed  below  ,  and  in  |9,10|. 


ri'tiiiiMiit  ts  Hway.  Tlic  trajectory  ot  the  rcitiiiaiit  U  appitreiit  in  Fig  la  Near  the 


K  5  -  c 

■si  s  ^ 

?  S  i  ^  -E 

r  V.  s  M  £ 


■x 


.^pendlzl 


Three-Dimensional  Vortex  Interactions  with  a  Free  Surface 


FED-Vol.  103 


RECENT  ADVANCES 
AND  APPLICATIONS 
IN  COMPUTATIONAL 
FLUID  DYNAMICS 

presented  et 

THE  WINTER  ANNUAL  MEETING  OF 

THE  AMERICAN  SOCIETY  OF  MECHANICAL  ENGINEERS 

DALLAS,  TEXAS 

NOVEMBER  2&-30,  1990 


sponsored  by 

THE  FLUIDS  ENGINEERING  DIVISION,  ASME 


edited  by 

OKTAY  BAYSAL 

OLD  DOMINION  UNIVERSITY 


the  AMERICAN 
United  Engineering  Center 


c::] 


ETY  OF  MECHANICAL  ENGINEERS 
345  East  47th  Street  ^ 


THREE-DIMENSIONAL  VORTEX  INTERACTIONS  WITH  A 
FREE  SURFACE 


^ - T  - 

I  • 

Laboratory  for  Computational  Pfiysiea  and  Ruid  Dynamica 
Naval  Rasaareh  Laboratory 
Washington.  0.  C 

Richard  I.  Laigiiton 

Science  Applicetionc  Intantationai  Corporation 
McLean,  Virginia 


•  ABSTRACT 

This  paper  presents  a  numerical  calculation  of  the  three- 
dimensional  flow  due  to  a  pair  of  vortices  rising  toward  a  shear- 
&ee  sur&ce.  A  spectral  method  with  transforms  in  Fouiier- 
Chebyshev  space  is  used  to  solve  a  vertical  velocity-vertical  vor- 
tidty  formulation  of  the  Navier-Stokes  equations  which  elimi- 
^  nates  the  pressure  term  and  implicitly  satisfies  the  equation  of 
continuity.  The  method  is  used  to  study  the  subsequent  evo¬ 
lution  of  various  initial  three-dimensional  perturbations  to  the 
two-dimensional  case.  It  is  shown  that  this  evolution  leads  to 
flows  which  range  firom  being  negligibly  different  from  the  two- 
dimensional  case  to  being  numerically  unstable,  depending  on 
the  type,  magnitude,  and  wavelengths  of  the  initial  perturba- 
^  tions.  It  is  also  shown  that  an  approximate  calculation  for  the 
surface  elevation  is  in  good  qualitative  agreement  with  experi¬ 
mental  results  for  weak  vortices  corresponding  to  low  values  of 
the  FVoude  number. 

INTRODUCTION 

—  The  flow  field  around  a  pair  of  counter-rotating  vortices  in 

V  the  vicinity  of  a  bounding  surface  is  of  interest  in  a  number  of  ap¬ 

plications.  These  vortices  naturally  arise  behind  lifting  surfaces 
such  as  airplane  wings  and  underwater  hydrofoils.  In  aerody¬ 
namic  ^plications  invrflving  the  landing  or  take-off  of  aircraft, 
it  is  of  interest  to  ascertain  the  characteristics  and  persistence 
of  the  vortices  near  the  runway  left  behind  by  previous  aircraft. 
^  In  marine  applications,  it  is  important  to  assess  the  presence  of 
"  the  nearby  frM  surface  on  the  lift  performance  of  the  submerged 
hydrofoils.  More  recently,  the  use  of  modem  remoU  sensing 
techniques  makes  it  of  interest  to  ascertain  the  small  surface  el- 
evatiorts  caused  by  the  subsurface  vortices  since  they  change  the 
reflection  and  refraction  characteristics  and  hence  are  detectable. 
In  this  connection,  it  is  now  realized  that  even  small  amounts 
^  of  surface  contaminant  can  have  large  effects  on  both  the  free 
^  surface  perturbatirm  and  the  underwater  vortices. 

Representative  of  recent  experimental  studies  on  vortex 
pairs  are  those  by  Barker  and  Crow[l],  Sarpkaya[2|,  Sarpkaya, 


Elnitaky,  and  Leeker[3],  and  Benral,  Hirsa,  Karon,  and  \irai- 
marth(4].  In  these  experiments,  care  must  be  taken  to  not  only 
generate  the  required  vorticity  but  also  esKMigh  fluid  to  fill  the 
vortex  recirculation  cell  enclosing  both  vortices;  otherwise,  the 
generated  vortices  quickly  dissipate[l).  To  this  end,  flap  mechar 
nisms  are  used  in  [141,4],  while  underarater  arings  are  used  in  [3). 
In  these  and  related  studies,  it  is  usually  observed  that  there  is  a 
tendency  for  the  vortices  to  rebound  away  from  the  surface,  the 
tendency  being  stronger  for  no-slip[l)  and  contaminant  sur&ce 
conditions[4)  than  for  the  shear-free  case.  Barker  and  Crow  pos¬ 
tulate  that  this  rebound  phenomenon  is  due  to  the  effect  of  finite 
vortex  core,  which  tends  to  deform  in  the  vicinity  of  thr  bound¬ 
ing  turfr«e.  However,  SaffinanjSj  shows  that  this  effect  must  be 
due  to  viscosity,  since  the  integration  of  the  invisdd  Euler  equa¬ 
tions  alarays  predicts  a  monotonic  asymptotic  approach  of  the 
vortices  to  the  bounding  surface.  By  using  a  finite-differmoe  ap¬ 
proach  to  solve  the  Navier-Stokes  equations.  Peace  and  Riley(6] 
support  this  argument  by  showing  that  even  for  the  shear-free 
case  some  vorticity  is  lost  to  the  surface  due  to  viscous  diffusion. 
In  (2)  and  [3],  it  is  shoam  that  the  surface  perturbation  due  to 
the  vortex  pair  consists  of  three-dimensional  ridges  or  s-riations 
perpendicular  to  the  axis  of  the  vortices,  and  depressions  or  scats 
which  are  parallel  to  the  axis. 

Recent  munerical  studies  have  largely  focused  on  the  it¬ 
erative  srflution  for  the  underarater  vortex  flow  field  and  the 
unknown  position  of  the  free  surface.  Sarpkaya,  Elnitsky,  and 
Leeker(3],  Marcus  and  Berger[7],  Telste[8|,  and  Yu  and  IVyggvar 
8on[9]  assume  the  fluid  to  be  invisdd  while  Ohring  and  LugtjlO] 
consider  the  more  general  case  of  a  viscous  fluid.  The  gener¬ 
alized  vortex/boundary  integral  technique  proposed  by  Baker, 
Meiron,and  Orszag[ll|  is  used  in  [3,8,0].  The  basic  technique 
consists  of  pladng  a  number  of  vortices  on  the  free  surface,  and 
at  each  time  step  iteratirrg  on  the  strength  and  location  of  these 
vortices  until  the  dynamic  and  kinematic  free  surface  conditions 
ate  satisfied.  The  approaches  differ  on  the  number  and  initial  lo¬ 
cation  of  the  vortices,  the  desingularization  of  the  velodties  near 
the  individual  vwtices,  and  the  filtering  or  damping  techniques 
needed  for  numerical  st^nlity.  Marcus  and  Berger  use  a  finite 
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difference  approach  to  model  the  Laplace  equation  and  the  free 
surface  conditions.  Ohring  and  Lugt  also  use  a  finite  difference 
approach  to  model  the  spatial  derivatives  in  the  Navier-Stokes 
and  free  surface  equationa.  In  all  of  these  studies,  it  is  observed 
that  the  vortex  trajectories  vary  as  a  frmetion  of  the  Friiude  num¬ 
ber  Fr  =  Vo/y^,  where  is  the  initial  translational  velocity 
of  the  vortex  pair,  g  is  the  gravity  constant,  and  a  is  the  initial 
vortex  spacing.  For  high  values  of  fr  >  1,  approodmately,  the 
vortex  trajectories  are  little  affected  by  the  presence  of  the  free 
surfrtce  and  tend  to  burst  through  the  interface.  As  the  value 
of  Fr  decreases,  the  trajectories  increasin^y  approximate  those 
for  a  rigid  srall  until  there  is  little  difference  between  these  cases 
for  f  r  <  0.15,  ^>ptoxiinately|3]. 

In  a  related  study,  the  present  auth<ws(12]  consider  the  case 
of  the  vortices  riring  to  a  surface  with  varioos  types  of  contam¬ 
inant.  Here,  the  unlmosm  free  surface  eondition  is  not  the  ele¬ 
vation  but  the  variable  shear  due  to  the  surface  tension  gradient 
caused  by  the  spatially  varying  contaminant  concentration.  A 
spectral  method,  with  transforms  in  Fourier-Chelqrahev  space,  is 
used  to  model  the  spatial  derivatives  in  the  Navier-Stokes  equa¬ 
tions. 

All  of  the  above  studies  assume  two-dimensional  flow  where 
the  axes  of  the  vortices  ate  assumed  to  be  straight  lines  parallel 
to  the  bounding  surface.  It  is  well  known  that  these  vortices  usu¬ 
ally  do  not  conform  to  this  approximation.  Crow(13]  shows  that 
the  exponential  growth  of  certain  eigenmodes  eventually  causes 
the  initially  straight  cores  to  break  up  and  form  uncorrelated 
vortex  rings.  Also,  the  ambient  flow  field  contains  perturbations 
due  to  turbulence  or  ineguarities  in  the  forward  speed  of  the 
lifting  surface.  Finally,  since  the  vortices  are  bring  continuously 
generated  by  the  lifting  surface  traveling  at  forward  velocity  U, 
and  the  vortices  have  a  finite  rise  velocity  Vo,  the  vortex  line  is 
inclined  at  the  angle  7  =  tan~‘(Vo/U)  with  the  horisontal. 

In  the  present  pl^ler  we  investigate  the  effect  of  various  types 
of  initial  three-dimensional  perturbations  on  the  subsequent  de¬ 
velopment  of  the  vortex  cores  rising  to  a  shear-free  surface.  We 
present  results  for  three  sets  of  cases.  The  first  set  is  the  pre¬ 
vious  two-dimenskmal  case  tc  verify  the  accuracy  and  stability 
of  our  three-dimensional  approach.  The  second  set  conrists  of 
various  sinusoidal  variations  in  the  axial  direction  of  the  hor¬ 
izontal  locations  of  the  vortex  centers.  The  third  set  consists 
of  various  random  three-dimensioned  perturbations  to  the  initiid 
two-dimetuional  flow  field.  Our  numerical  approach  is  essen¬ 
tially  a  generalization  to  three  dimensions  of  our  previous  two- 
dimensional  spectral  approach(12].  The  resulting  basic  equa¬ 
tions  and  solution  procedure  are  similar  to  those  given  in  Kim, 
Moin.  and  Moser{14]  or  Handler,  Hendricks,  and  LrightonflS]. 
However,  the  formulation  given  in  these  references  is  for  no-slip 
boundmy  conditions  ^propriate  for  channel  flow  while  we  con¬ 
sider  shear-free  surface  conditions.  Also,  we  calculate  the  free 
surface  elevation  from  the  computed  flow  field. 

We  first  give  a  brief  outline  of  those  equations  and  solution 
procedures  which  are  described  more  fully  in  (12,14,15].  How¬ 
ever,  we  pve  a  more  detailed  description  of  our  boundary  and 
perturbed  initial  conditions  which  differ  from  those  given  in  these 
references.  We  also  describe  our  a  posteriori  calculation  of  the 
surface  wave  elevation  and  discuss  its  accuracy.  We  present  and 
discuss  our  results  which  are  riven  in  terms  of  three-dimensional 
plots  for  the  surface  elevation  and  line  and  contour  plots  for  the 
subsurface  vorticity  and  velocity  fields.  We  pay  particular  at¬ 
tention  to  the  growth  or  decay  of  the  initial  three-dimensional 
perturbations.  We  conclude  by  briefly  summarizing  the  principal 


findings. 

THEORETICAL  APPROACH 
Basic  Eouations 


Figure  1  shows  the  cooidins^jgcatam  and  the  . 

of  the  computation  domain,  while  Fig.  2  shows  the  initial  vortoc , 
configuration.  Wenondimensionalizeour  approach  by  taking  the* 
initial  vortex  spacing  a,  the  initial  translational  velocity  of  the  1 
vortex  pair  Vg,  and  the  fluid  density  p,  as  reference  variablea. : 
Figure  1  shows  that  our  computation  domain  is  2  units  in  thsi 
vertical  y  direction  where  nonperiodic  boundary  conditions  are 
applied,  and  10  units  in  the  horizontal  t  and  x  directioos  srhere . 
periodic  boundary  conditions  apply.  The  x  direction  ooineadee.j 
with  the  axis  ct  the  vortex  ones  and  vewtex  motion  takes  plaoe- 
in  the  yx  plane  in  the  two-dimensional  motion  considered  in  pce- 
vious  studies.  In  terms  of  dimensionless  variablea,  the  Navter* ' 
Stokes  equations  in  the  so-called  rotational  form  is  given  by 


«xu  =  - VP.b4-^*u 
Oi  Hit 


(1) 


when  u  is  the  fluid  velocity,  t  is  the  time,  w  w  V  x  u  is  the 
vorticity,  P  3  p  -f  u  •  u/2  is  the  dynamic  pressure  head,  p  is  the 
pressure.  Re  s  paVolp  is  the  Reynolds  number,  and  p  is  the 
fluid  dynamic  viscosity.  As  noted  by  Hussaini  and  Zangflfl],  the 
use  of  this  form  in  Fourier  collocation  methods,  as  in  our  stn4y« 
conserves  kinetic  energy  and  hence  tends  to  minimize  the  effect  of 
nonlinear  instabilities.  For  an  incompressible  fluid,  conservation 
of  mass  takes  the  form 


Vu  =  0 


(2) 


The  troublesome  term  involving  P  may  be  eliminated  and  the 
incompressibility  condition  implicitly  satisfied  by  writing  Eq.  (1) 


Fig.  1 -Coordinate  System  and  Computation  Domain 
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Fig.  2-Initial  Vortex  Configuration 
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in  component  form  for  the  velocities  (u,v,w)  in  the  (z.y,  r)  di¬ 
rections,  taking  second  order  spatial  derivatives  of  these  equa¬ 
tions,  and  using  Elq.  (2).  This  results  in  a  fourth  order  equation 
for  the  velocity  v  and  second  order  equat^'m  for  the  vortidty 
component  w,,  as  follows{14,15] 

+  (3) 

+  (4) 

where  H,  and  Hu  are  the  nonlinear  terms  arising  from  w  x  u. 
Numerical  Solution  Procedure 

We  advance  Eqs.(3)  and  (4)  in  time  by  using  the  weighted 
implicit  Crank-Nicholson  method  for  the  linear  term  and  the 
weighted  explicit  Adams-Bashforth  method  for  the  nonlinear 
term.  In  the  case  of  Eq.(4),  this  results  in  the  following  equation 
for  the  value  of  w,  at  the  new  n  -f  1  time  step  in  terms  of  values 
at  the  previous  n  and  n  —  1  time  steps 


where  At  is  the  size  of  the  time  step.  Since  we  assume  the  flow 
to  be  shear-free  at  the  upper  and  lower  boundaries,  i.e.  du/dy  = 
dto/dy  =  0  on  y  =  ±1,  the  resulting  botmdary  condition  on  uig 
is 


=  0  on  y  =  ±1  (6) 

dy 

whereas  —  0  for  the  no-slip  conditions  considered  in  [14,15]. 

The  fourth-order  Eq.(3)  for  v  is  split  into  two  second-order 
equations  as  follows 


(1  -  =  (1  -K 


(8) 


Otir  boundary  conditions  of  no  flow  through,  and  no  shear  on, 
the  upper  and  lower  surfaces  take  the  following  form 

&^v 

V  =  ^  =  0  on  y  =  ±1  (9) 


.4gain  we  note  that  for  the  no-slip  case[14,15]  the  second-order 
derivative  in  the  above  equation  is  replaced  by  a  first-order 
derivative. 

We  do  not  solve  the  above  formulation  directly  in  physi¬ 
cal  space  but  in  Fourier-Chebyshev  transform  space,  where  the 
unknowns  are  expanded  as  exponential  functions  in  the 

periodic  x  and  z  directions,  and  in  Chebyshev  polynomials  T„  in 
the  y  direction.  For  example,  in  the  case  of  v.  this  series  takes 
the  form 

i,/2-I  M/2-1  N 

i’(x,y,z,t)=  ^  ^  Y^v{l,m,n,t)exp(iaix +  i0„z)T„(y) 

1=0  m=-M/i  »*=<• 

(10) 


where  L,M,N  +  1  are  the  number  of  grid  points  in  the  x,z,y 
directions,  respectively,  ai  =  2'rl/Lt  and  0=,  —  2rm/L,  are 
respectively  the  1th  and  mth  wavenumbers  in  the  z  and  z  di¬ 
rections,  and  Lt  =  10  and  I.  =  10  are  respectively  the  lengths 
of  the  computation  dtnnain  in  the  z  and  x  directions.  The  grid 
paints  zi  and  Xm  ere  evenly  spaced  while  the  y,  points  are  oosiike- 
spaced  so  as  to  have  the  highest  density  ^1. 

By  noting  that  the  spatial  derivatives  d/dx  and  d/dx  respec¬ 
tively  eonespond  to  multiplications  by  iai  and  i0m  in  transform 
space,  it  can  be  seen  that  the  three-dimensiooal  Poisson  Equar 
tiou  (5),  (7),  and  (8)  reduce  to  three  sets  of  L/2  x  Ai  Poisson 
equatirms  in  the  y  direction  at  each  time  step.  For  example,  the 
equation  for  ^  takes  the  form 


2/le,- 


dy* 


(11) 


Due  to  the  presence  of  the  nonlinear  terms  and  we 

must,  at  each  time  step,  inverse  transform  to  ph3rsical  space,  per¬ 
form  the  operations  required  to  obtain  and  then  transform 
H,  to  get  H,.  We  perform  these  transforms  by  using  standard 
Fast  Fourier  Transform  techniques.  Also,  to  avoid  aliasing  errors, 
whereby  energy  from  modes  outside  our  range  of  consideration  is 
placed  into  losrer  modes,  we  use  the  well  known  de-aliasing  tech¬ 
nique  whereby  we  consider  (3/2)(L  x  Ai)  phjrsical  pmnts  but  use 
only  the  modes  corresponding  to  L  x  Ai  points. 

The  Poisson  Elquation  (11)  effectively  reduces  to  the  inver¬ 
sion  of  a  lV-l-1  x.Al-l-1  matrix  for  the  coefSdents  of  the  Chebyshev 
polynomials.  By  using  recursion  relations  which  relate  deriva¬ 
tives  of  a  Chebyshev  function  of  order  n  to  neighboring  orders, 
the  second  derivative  in  Eq.  (11)  for  the  IV  + 1  grid  points  gives 
rise  to  two  quasi-tridiagoiml  matrices  for  the  coefficients  of  the 
even  and  odd  Chebyshev  polynomials  (see,  for  example.  Chapter 
5  of  |17j).  Inversion  of  these  matrices  is  considerably  less  time 
consuming  than  full  matrices  of  the  same  order. 

Our  use  of  the  implicit  Crank-Nicholson  scheme  to  advance 
in  time  the  linear  terms  of  our  solution  assures  their  stability, 
regardless  of  the  size  of  the  time  step  At.  However,  our  tise  of 
the  explicit  Adams-Bashforth  scheme  for  the  troublesome  non¬ 
linear  terms  requires  that  At  not  exceed  the  criterion  given  by 
the  Courant-FHedricbs-Lewy  condition,  which  basically  states 
that  At  should  be  sufficiently  small  so  that  the  solution  does  not 
completely  propagate  across  any  grid  cell  in  the  computation 
domain.  The  strictly  correct  manner  of  implementing  this  is  to 
evaluate  the  ratio  of  grid  size  to  speed  of  propagation  throughout 
the  computation  domain  at  each  time  step  and  use  the  minimum 
value  of  this  ratio  as  the  new  value  of  At.  Instead,  we  find  that 
the  following  approximate  approach  yields  stable  solutions  for 
the  present  calculations.  We  take  2/N,  the  average  in  the  y 
direction,  as  the  representative  grid  dimension  and  the  initial 
velocity  of  the  vortex  pair  (which  is  unity  in  dimensionless  co¬ 
ordinates)  as  the  typical  speed  of  propagation.  Our  time  step  is 
then  approximated  by 

At  =  6^  (12) 


where  6  =  0.2/12. 

Once  V  and  w,  have  been  computed,  the  remaining  two 
components  of  velocity  in  transform  space,  u  and  tc,  may  be 
conveniently  obtained  by  solving  the  following  two  simultaneous 
algebraic  equations  which  arise  by  using  the  continuity  Eiq.  (2) 
and  the  definition  of  w,  =  du/dz  —  dwfdx 
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I 


^  £u  - 

—ddv  duif 

(13«) 

dz* 

dx  dy^  d2 

3^ui  9^w 

—ddv  duf 

(135) 

■  dz* 

d2  dy  dx 

The  renuLining  two  components  of  vorticity,  w,  sod  ate  then 
obtained  algebraically  from  the  definition  w  s  V  x  u. 

The  dynamic  pienure  head  P  is  then  calculated  by  the  Sal¬ 
lowing  Poisson  equation  which  results  from  taking  the  divergence 
of  Eq.  (1)  and  again  using  the  continuity  Eq.  (2) 

V*P  =  V  (ux  w)  (14) 

The  boundary  conditions  for  P  at  y  s  :kl  may  be  conveniently 
obtained  by  considering  the  momentum  equation  in  the  y  direc¬ 
tion.  FV>r  our  case  of  shear-free  surfaces,  the  condition  is 

~  s  0  on  V  B  ±1  (15) 

dy 

fVom  P  we  can  conveniently  calculated  p  =  P  —  u  •  u.  By  then 
considering  the  continuity  of  stress  in  the  y  direction  at  the  free 
surface  (see,  for  example  Skop{18])  we  can  calculate  the  first 
order  devatkm  q  as  Callows 

q  =  Pr*(p  “  I'  “ 

We  note  that  the  above  calculation  of  the  elervatian  is  a  posteriori 
and  hence  only  approximate  since  by  asstiming  the  free  surface 
to  be  flat,  i.e.  «(y  =  +1)  =  0,  we  have  neglected  the  mutual 
influence  of  vortex  motion  and  surface  elevation.  However,  the 
results  of  previous  studies  tend  to  show  that  this  iq>proxima- 
tion  becomes  more  accurate  with  decreasing  Pr,  and  may  give 
reasonable  results  Cor  values  of  Fr  <  0.15,  iq)praximately(3). 

Initial  Conditions 

The  initial  position  of  our  vortices  is  as  shown  in  Fig.  2. 
For  the  case  of  two-dimenskmal  Gaussian  vortices,  the  vorticity 
componento  Wsi,(Uyi,Wn,*  =  1,2.  of  each  vortex  are  given  by 

=  ^exp-  [(r-r<)*-('(y-V<)*|/<^*  (17«) 

"*«(*.y.*)  =  =0  (175) 

where  ri  =  —0.5,  *2  =  +0.5,  yi  =  ya  =  —0.50,  Fi  =  —2r, 
=  +2s,  and  o  =  0.25  is  a  measure  of  the  cote  size.  Hcaeafter. 
this  case  is  referred  to  as  CTWOD.  We  consider  two  series  of 
three-dimensional  perturbations.  In  the  first  series,  we  allow  the 
2  spacing  of  the  vortex  centers  to  sinusoidally  vary  in  the  axial 
z  (fiiection.  We  report  results  for  the  case  where  the  amplitude 
of  variaticm  is  ±20%,  with  period  L„  and  refer  to  this  case  as 
CZlCY.  We  considered  other  values  of  amplitude  and  period, 
and  found  that  halving  the  amplitude  leads  to  only  small  dif¬ 
ferences  from  the  two-dimensional  case,  while  consideration  of 
shorter  periods  usually  leads  to  numerical  instability  before  the 
end  of  the  calculations.  In  the  second  series,  we  perturb  all  three 
components  of  u  throughout  the  computation  domain  by  ran¬ 
dom  values  in  the  range  ±eu;max  whtxe  Wm,,  =  r/(x<r*).  We 
consider  values  of  e  equal  0.010,  0.030,  and  0.050,  and  refer  to 
these  cases  as  COOlO,  C0030,  and  C0050,  respectively. 


We  can  in  principle  sum  the  vorticity  coatitbutioo  from  hot 
vortices  to  obtain  the  total  vortioty  field  m  ^ 

veloaty  u  by  using  the  foUoaing  vector  identity  and 
ctmditions 

V*u  =  —V  X  u  (K 

ihi  Ow 

^  ®  (“ 
ttote,  howinv'r.  that  due  to  the  finyte  of  eom 
P*^^***®t^  domain,  the  velocities  induced  by  our  vortex  pai 
will  not  conform  to  the  prescribed  boundary  oonditkma,  land 
tag  to  passible  higlily  oscillatory  behavior  of  the  lesnhaa 
vdodties  near  y  =  ±1.  This  in  turn  may  lead  to  an 
mmcal  instabilities  in  oiir  time  inarching  acheme.  To  «»«««» 
imize  this  oscillat,>ry  behavior,  we  introduce  the  foQowaq 
three  pairs  of  image  vortices  which  tend  to  mder  the  vefoo 
ity  field  compatible  with  the  prescribed  boundary  • 

Fii  * -r..v„  = -2- 
r»i  =*  —  +2  —  yi 

7**1  =  +r,,  yi,  =  f  4  +  jti 

where  i  =  1.2.  Wo  then  apply  Eqs.  (IS)  and  (19)  to  the  vortidty 
field  due  to  all  f«»iir  pairs  <»f  vortices. 

NUMERICAL  RESULTS 
Calculation  Parametept 

We  performtvl  ,>ur  calculations  on  a  Cray  X-MP/24  main- 
frame  computer.  Wo  used  a  calculation  grid  of  16  x  49  x  48  in 
the  z,y,r  directions  for  the  two.dimensi(»al  CTWOD  and  kxr 
perturbation  COOlO  rases,  and  a  finer  grid  df  16  x  85  x  48  frir  the 
remaining  higher  |H*rturhntiou  cases.  The  time  steps  were  tst** 
to  be  respwtively  O.DOOS  and  0.0005  for  the  coarse  and  fine  grids, 
as  ^proxiinatcd  by  Eq,  (12).  The  calculations  were  carried  out 
for  a  total  time  of  i!  dimensionloss  units  for  the  coorae  grid  casm, 
and  5  for  the  finer  grid  cases,  resulting  in  7500  and  10000  *>"«« 
steps  for  the  coarse  mid  fine  grids,  respectivdy.  Computo'  ex¬ 
ecution  times  for  «me  time  su-p  are  approximately  0.52  seconds 
for  the  coaTM’  gntl  mui  0.59  Mvonds  for  the  finer  grid,  resulting 
in  total  exeention  limes  of  3900  and  5900  seconds  for  the  coarae 
and  fine  grids,  resjavtively.  Aasxming  the  vortices  to  be  nomi¬ 
nally  propag-iting  at  miit  vehwity  nt  all  times,  the  oonpbyyiesl 
tmundaries  nt  c  =  \-L,/2  iM-gin  to  be  stronf^y  felt  by  the  vor¬ 
tices  for  t  >  j,  appmxiinnU'ly.  The  main  reason  for 
the  coarse  grid  rases  Iwyond  this  point  is  to  investigate  no. 
merical  stability  even  nndt'r  tiu'se  nonphysical  conditions.  The 
value  of  Hr  is  token  t»»  Is*  1000.  This  is  approximatriy  one  order 
of  magnitude  higher  thmi  that  considered  in  those  studies  whicb 
solve  the  Navier-StoUes  iv]nntions(6.10]  and  is  cloae  to  the  range 
of  3000  to  4000  coiisid.ti'd  in  exiierimental  studieail,2,4].  This 
is  largely  due  to  onr  ns»'  of  the  spectral  approach  which  more 
accurately  models  spat  ini  variation  than  the  finite-difference  ap¬ 
proach  used  in  [6,101. 

We  present  onr  ri'snlts  in  throe  forms.  First,  we  present  line 
plots  short ing  tiic  variation  «»f  the  velocity  ii  and  vorticity  !•>«  in 
the  2  Md  y  directions  nt  iIk-  i/r  plane  containing  the  tnaTfimv”* 
vorticity,  and  the  veloeiiy  n  in  the  t  and  y  directions  at  the  xy 
plane  containing  this  snnw  niaxinnim  vorticity.  Theae  plots  show 
in  convenient  form  tin-  sinhility  of  our  calculation  procedure  and 
the  amount  of  ainplira-.-iiion  of  thi'  initial  |>erturbations.  We  then 
present  contour  plots  of  tlu'  vorticity  to  show  in  greater  detail  the 
differences  between  the  various  riuses.  Finally,  we  present  three- 
dimensional  plots  of  t  lit'  surfare  elevation  to  qualitatively  show 


th«  degree  of  egreemeni  with  previous  studies  end  the  effect  of 
the  thiee-dimensiousl  perturbstion  in  this  case. 

Line  Plots  of  Subsurface  Flow 

Figure  3  shows  six  line  plots  which  give  the  variation  of  u 
in  the  *y  plane,  and  v  and  u.  in  the  pr  plane  at  t  w  3  for  Case 
CTWOD.  Figures  4-9  show,  in  the  following  order,  corresponding 
line  plots  for  Case  CTWOO  at  t »  6,  Case  COOlO  at  t  w  6,  Case 
CZICY  at  t  a  3,  Case  C0030  at  t  a  0  and  3,  and  Case  OOSO  at 
ta3. 

Figures  3-4  show  the  stability  of  our  calculatiooa  for  the  two- 
dimensional  case.  The  axial  velocity  u  remains  identically  sera 
at  all  times.  Also,  even  at  t  a  6  when  the  vortices  have  propa¬ 
gated  to  near  the  end  of  the  periodic  computation  domain  and 
are  experiencing  strong  influence  from  the  image  vortices  across 
these  nonphysical  boundaries,  the  calculated  results  continue  to 
be  smooth  and  free  from  numerical  instabilities.  On  the  other 
hand.  Figure  S  shows  that  the  low  levd  perturbations  tor  the 
COOlO  case  are  sufficient  to  cause  the  corresponding  line  plots 
to  exhibit  the  high  frequency  noise  characteristic  of  numerical 
instability,  specially  noticeable  in  the  variation  of  u,  with  y.  At 
earlier  times,  the  calculated  results  are  stable  and  differ  little 
from  those  for  CTWOD. 

Figure  6  shows  that  the  calculated  results  for  Case  CZlCY 
are  stable  and  differ  moderately  from  those  for  the  two- 
dimensional  case.  Figure  7  shows  that  for  Case  CO030,  where 
the  initial  vorticity  is  given  a  random  perturbation  in  the  range 
±0.03b>mas,  the  high  frequency  content  in  the  initial  conditions 
is  substantial  for  the  vorticity  but  relatively  little  (though  no¬ 
ticeable)  in  the  case  of  the  velocities  u  and  v.  Figure  8  shovrs 


Fig.  4-Flow  Variables  u,v,wt  for  Case  CTWOD  at  t  8 


Fig.  3-Flow  Variables  u.v.u,  for  Cose  CTWOD  at  t  =  3  f««-  5-Flow  Variables  u,  v.w,  for  Case  C  )010  at  t  =  6 
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thAt  at  t  »  3  the  calculation  for  Caae  CO030  is  approaching  nu¬ 
merical  breakdown  while  Figure  9  shows  that  the  oottesponding 
plots  fw  Case  C0050  are  already  slightly  in  the  instability  re¬ 
gion.  Figure  8  also  shows  that  the  initial  perturbations  which 
are  largely  to  the  eortidty  at  t  w  0  ate  now  also  evident 

in  the  velocities. 

Figure  10  shows  the  contour  plot  of  the  vortidty  Us  at  the 
midpUne  z  »  0  and  t  w  3  for  Case  CTWOD.  Figures  lla-c  show 
these  plots  for  Case  C21CY  at  (  at  3  for  z  »  — £a/4,0,  +Lm/^, 
respectively.  Figures  12arc  show  corresponding  plots  for  Case 
CO030.  Figures  lla-c  show  the  expected  trend  that  the  verti¬ 
cal  distance  of  the  vortex  pair  bdow  the  free  surface  varies  with 
z  due  to  the  unequal  rise  velocities  caused  by  the  initial  axial 
variation  of  the  z  spacing  of  the  vortex  pair.  As  a  result,  the 
vortex  contours  show  different  stages  of  interaction  with  the  free 
surface.  Figure  11a,  corresponding  to  the  case  of  the  vortices 
being  closest  to,  and  hence  interacting  most  strongly  with,  the 
free  surfeoe,  suggests  the  formation  of  a  ribbon-like  structure, 
similar  to  that  observed  by  Pumir  and  Kerr{19|.  They  point 
out  that  the  calculation  of  its  subsequent  evolution  is  usually 
limited  by  grid  resolution.  It  is  also  of  interest  to  note  that  Fig¬ 
ure  11b,  which  cocieeponds  to  the  z  location  where  the  initial 
vortex  spacing  is  identical  to  the  two-dimensional  caae,  exhibits 
contours  which  are  ■imilar  to  those  shown  in  Figure  10  for  Case 
CTWOD.  Figures  12a-c  show  that  the  contours  due  to  the  ran¬ 
dom  vortidty  perturbation  caae  CO030  are  no  longer  symmetric 
about  the  plarte  z  a>  0. 

mx  aancc 


Fig.  10- Vortidty  Wt  for  Case  CTWOD  at  z  =  0,t  s  3 
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Fig.  lla-Vorticity  w,  for  Caae  CZlCY  at  x  =  -L,/4,^  _  3 
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Fig.  11b- Vortidty  for  Case  CZlCY  at  z  s  0,  t  s  3 
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Fig.  11c- Vortidty  for  Case  CZlCY  at  z  a:  +Lt/4,t  w  3 
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Fig.  12a- Vortidty  for  Case  C0030  at  x  =  -L^/A,  t  =  3 
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Fig.  12b- Vortidty  w.  few  Case  CO030  tt  z  =  0,t  =  3 
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Fig.  15-Surface  Elevation  i;  for  Caae  C0050  at  t  =  3 


Fig.  16-Surface  Elevation  rj  for  Case  CZlCY  at  <  =  3 


CONCLUSIONS 

We  have  presented  a  spectral  approach  for  solving  the  three- 
dimensional  incompressible  Navier-Stokes  equations  where  we 
expand  our  solutions  as  triple  series  involving  exponential  func¬ 
tions  in  the  periodic  x  and  z  directions  and  Chebyshev  polynomi¬ 
als  in  the  nonperiodic  y  direction.  We  eliminate  the  troublesome 
pressure  term  and  implicitly  satisfy  the  continuity  condition  by 
going  to  a  fourth  order  equation  for  the  y  component  of  velocity 
and  a  second  order  equation  for  the  y  component  of  vortidty. 

We  apply  this  method  to  study  the  flow  due  to  a  pair  of 
counter-rotating  Gaussian  vortices  rising  to  a  shear-free  surface. 
We  consider  the  two-dimensional  case  as  well  as  two  series  of 
three-dimensional  perturbations  to  the  initial  conditions.  In  one 
series,  we  consider  the  horizontal  z  spacing  of  the  vortex  centers 
to  undergo  a  one-cycle  sinusoidal  variation  in  the  axial  direction 
and  in  the  second  series,  we  randomly  perturb  the  three  compo¬ 
nents  of  vorticity  by  0.01,  0.03,  and  0.05  Umtx-  We  find  that  our 


computation  scheme  is  stable  for  the  two-dimensional  case  even 
at  (  =  6  when  the  vortices  are  interacting  strongly  with  the  non¬ 
physical  boundaries  of  our  computation  domain.  We  present  our 
results  in  terms  of  line  and  ccmtour  plots  for  the  subsurface  flow 
and  three-dimensional  plots  for  the  surface  elevation.  In  terms 
of  differences  from  the  two-dimensional  case,  they  are  small  for 
the  O.Olwmac  caae  and  moderate  for  the  other  cases.  The  two 
largest  random  perturbation  cases  eventually  become  numeri¬ 
cally  unstable  before  the  vortices  are  influenced  by  the  nonphys¬ 
ical  boundaries  of  our  computation  domain,  at  which  point  the 
calculations  are  physically  meaningless.  The  surface  devations 
show  the  same  mound  and  depression  pattern  obtdned  in  pre¬ 
vious  experimental  and  numerical  studies.  In  addition,  we  show 
the  effect  of  the  three-dimensional  perturbidions. 
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Requirements  Definition  by  Numerical  Simulation 


CONTRABAND  DETECTION  TRACE  CHEMICAL 
PHENOMENOLOGY  WORKSHOP 
June  10-11,  1993 


“Requirements  Definition  by  Numerical  Simulation” 

James  Hickman,  Chris  Kostas,  Kang  Tsang 
Science  Applications  international  Corporation 

Abstract: 

We  have  been  investigating  the  issues  involved  in  requirements  definition  for  narcotics 
interdiction  for  the  past  six  months.  Our  approach  has  been  to  simulate  numerically  the 
conditions  that  arise  during  vapor  particulate  transport.  The  advantages  of  this 
approach  are  that:  (1)  a  broad  range  of  scenarios  can  be  rapidly  and  inexpensively 
analyzes  by  simulation  and  (2)  simulations  can  display  quantities  that  are  cfifficult  or 
impossible  to  measure.  The  drawback  of  this  approach  is  that  simulations  cannot 
include  all  of  the  phenomena  present  in  a  real  measurement,  and  therefore  the  fidelity 
of  the  simulation  results  is  always  an  issue. 

We  will  discuss  these  issues  and  how  they  apply  to  the  current  problems.  We  will  show 
preliminary  data  on  numerical  simulations  of  simple  configurations.  We  will  also  show 
the  results  of  a  ID  numerical  simulation  and  compare  these  results  with  the  analytical 
solution  to  the  same  problem  to  demonstrate  that  the  model  is  at  least  verifiable  at  its 
most  basic  level. 


Requirements  Definition  By 
Numerical  Simulation 


-2  ^ 
(8  O 

^  o 

Oj  ^ 
U  (S 

<®  c 

s  § 

§5 

w 

'S  > 
o  >% 

Q 

eg 

-S  I 

2  i 

O 


2 

o 

a* 

Ui 

U  o 

— .  -x;  0) 

S  2  ‘c 

.2  |.D 

<ij  O  a> 

E 

3J-2« 

1  S.-S 

O 

q;  O 
«3  ;s 

•s.  ^ 

&< 


247 


McLean,  Virginia  22102 
June  10, 1993 


Requirements  Definition  for  Narcotics  Interdiction 
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isadvantages 

dependent  on  experimentally  determined  values 
can  get  very  complicated  with  large  numbers  of  variables 


IVfethods  of  Requirements  Definition 
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Numerical  Simulation 
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effects  of  environment 


Results  of  Analytical  and  Numerical  Simulation 
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time  in  seconds  time  in  seconds 


At  this  point  in  the  original  presentation  a  video  was  shown  depicting  three 
simple  test  cases  of  vapor  propagation. 
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These  test  cases  are  representations  of  the  most  basic  numerical  simulation. 
Many  levels  of  complexity  can  be  added  to  this  basic  framework. 
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